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Entangled states of light have been utilized successfully in a wide variety of experiments 
and applications. This dissertation will discuss the application of entangled states of light 
toward spectroscopy wherein entangled pairs of photons generated via the process of 
spontaneous parametric down-conversion (SPDC) are utilized to excite entangled two-
photon absorption (ETPA) in organic molecules. An enhancement of the brightness of the 
SPDC entangled photon source under focused pumping conditions is discussed for the 
purpose of maximizing the entangled-pair flux available in these experiments. The 
entangled-pair flux utilized in ETPA experiments, however, still constitutes 
approximately 10 orders of magnitude fewer photons than any classical counterpart 
requires. Further, the effects of various conditions under which entangled photons are 
generated via the process of SPDC, specifically the phase-matching conditions and their 
xvii 
 
resulting impact on the interaction of said photons with matter is presented. It is shown 
that spatial indistinguishability of entangled photons generated via SPDC is a necessary 
requirement for ETPA in organic nonlinear optical materials. Investigations of the ETPA 
response of a wide range of organic dendritic materials with differing geometry, donor-
acceptor strength, and charge-transfer character are also presented, where it was observed 
that materials whose classical TPA cross-section is attributed to a dipole transition, 
without involvement of an intermediate state, were nearly transparent to entangled 
photons. In addition, the premiere demonstration of fluorescence from an organic 
dendrimer subsequent to two-photon excitation by entangled pairs of photons is 
presented. A novel, high geometric efficiency, spherically-enclosed optical collection 
system for collection of fluorescence photons is introduced, which is utilized to 
circumvent any drawbacks related to the weak quantum yield of the organic materials, 
and it is observed that the dependence of the rate of fluorescence collected from the 
material on the entangled excitation flux follows that of the ETPA response of the 
material. This is the first ever demonstration of the ETPEF phenomenon in any kind of 
material, and these novel results have widespread impact in applications ranging from 
spectroscopy to chemical and biological sensing, where the demonstration of the ETPEF 









The profound implications of quantum mechanics have produced an archetypal shift 
in many well-established fields of research such as information theory [1-3], computation 
and communications technology [4], metrology [5], micro-patterning and lithography [6], 
spectroscopy [7], and even biology [8]. Resources that are purely quantum in nature, such 
as superposition and entanglement, are benefiting the quantum counterparts of classical 
research areas, where they are utilized to shine new light on well-known problems. 
Utilizing this novel set of “quantum tools,” many schemes have been proposed for secure 
communications [9, 10], overcoming computational limitations for classically intractable 
problems [11, 12], beating the Rayleigh diffraction limit in imaging [13] and lithography 
[14], and optical characterization of materials [15]. In the past several decades, the 
inherently “spooky” phenomenon of quantum entanglement, in particular, has received 
great interest. 
Among all of the physical systems that are currently being considered for quantum 
entanglement applications, photon entanglement has been singled out as by far the most 
robust candidate to mediate the realization of these exciting quantum technologies. The 
convenience of the process of spontaneous parametric down-conversion (SPDC), by 
which photons in a laser pump incident on a nonlinear optical crystal spontaneously 
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decay into pairs of photons that can be simultaneously entangled in energy, momentum, 
and polarization [16], has made it the common method for generation of entangled 
photon pairs for use in these experimental schemes. 
While the general theoretical aspects of the quantum mechanical correlations between 
the signal and idler photons that constitute a down-converted pair [17, 18], the effects of 
various parameters that pertain to the interaction that takes place within the crystal to 
generate entangled photon pairs [19-21], and the various practical considerations that 
govern the efficient generation and use of such pairs of photons in experimental schemes 
[9, 22] have been well-studied, there is still a lack of understanding of the fundamental 
mechanisms governing the interaction of entangled pairs of photons with matter. 
Specifically, the application of quantum entanglement-based schemes to spectroscopy is 
a little-explored venue of research. The fundamental knowledge that can be gained about 
the response of interesting material systems to quantum-entangled state of light would 
benefit virtually all new avenues of “quantum” research. 
In an attempt to gain a better understanding of the underlying mechanisms of 
interaction of entangled photon pairs with materials, we have focused our efforts on the 
application of entangled states of light toward spectroscopy wherein entangled pairs of 
photons that are generated via the process of SPDC are utilized to excite two-photon 
transitions in various organic molecules. The results of these experimental studies are 
presented in this dissertation, which can lead to major advancements in the development 




The paramount reason behind the interest in utilizing entangled, rather than classical, 
photons for spectroscopy applications is the potential benefit gained from entangled two-
photon absorption (ETPA) at extremely low excitation photon fluxes [23, 24]. Unlike 
classical two-photon absorption (TPA), which relies on sequential, and random, 
absorption of two photons, the high degree of temporal and spatial correlation that is 
exhibited by entangled photons results in a large enhancement of absorption rate in ETPA 
[25, 26] that has a linear, rather than quadratic, dependence on the excitation intensity. 
This linear dependence is dominant in the low-excitation flux regime, within which 
spectroscopy can be accomplished using an input beam consisting of fewer than 107 
entangled photons/sec, as opposed to the 1020 photons/sec that is required in a classical 
TPA spectroscopy experiment. Further, ETPA is expected to have a large enhancement in 
resolution over TPA [27]. 
Furthermore, this enhanced material response under entangled photon excitation has 
also been proposed for utilization in various applications that are intractably plagued by 
specimen photodamage and photobleaching due to excessive excitation intensities, such 
as quantum lithography, imaging, and biological microscopy. The use of entangled 
photons offers a unique solution to the practical drawbacks of these applications due to 
the particular manner in which entangled states of light interact with matter. 
The first experimental observation of ETPA was accomplished using a porphyrin 
dendrimer [23], which exhibited an ETPA cross-section of ~ 10-17 cm2 molecule-1 under 
illumination of <107 entangled photons/sec. In this dissertation we present systematic 
investigations of the ETPA response of varying generations and types of organic 
dendritic materials, as well as potential mechanisms of control of the ETPA process 
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through the control of the quantum state in which entangled pairs of photons are 
generated. The results of these studies offer significant insight into the fundamental 
mechanisms that govern the interaction of entangled photons with matter. Further, we 
demonstrate the premiere observation of fluorescence emission from an organic 
dendrimer as a result of excitation by entangled photon pairs. This demonstration of 
entangled two-photon excited fluorescence (ETPEF) is an enabling discovery for 
quantum microscopy applications. 
This dissertation is organized as follows: We present the results of experimental 
efforts to maximize the flux of entangled photons available from an SPDC source and an 
in-depth discussion of the down-conversion efficiency under focused pumping conditions 
in Chapter II. This chapter also explains the basic theoretical framework for the entangled 
photon source that we utilize later in our investigations of the interaction of entangled 
photon pairs with matter. Chapter III details the systematic study of both ETPA and 
classical TPA cross-sections of a set of thiophene dendrimers, which we have found to 
follow identical trends with increasing dendrimer generation, demonstrating the ability to 
do spectroscopy on real materials using extremely low fluxes of entangled photon pairs. 
We then shift our attention to the control of the ETPA process through the control of the 
quantum entangled state of the photon pair that is emitted from our down-conversion 
source, which is addressed in Chapter IV. The characterization of the ETPA response of a 
variety of types and architectures of organic dendritic systems is presented in Chapter V, 
where we investigate the underlying mechanisms of ETPA in organic molecules and 
present findings that could help design better entangled-photon sensor materials. The 
first-ever demonstration of ETPEF from an organic dendrimer is reported in Chapter VI, 
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where we introduce a novel, high geometric efficiency optical light collection system that 
was designed by the author and is utilized to circumvent difficulties associated with the 
low flux levels at which experiments are carried out. Finally, Chapter VII concludes this 
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Does Pump Beam Intensity Affect the Efficiency of SPDC?* 




We show that, with proper modification of the pump field description from plane-
wave to spherical-like, which serves to incorporate geometric effects that were discarded 
in the plane-wave model, the efficiency of the spontaneous parametric down conversion 
process exhibits dependence on pump intensity, contrary to previous theoretical 
predictions. Experimental investigations of this behavior are carried out under focused 
pumping conditions, where pump divergence is kept constant, and pairs of photons are 
collected behind an aperture that is large compared to the overall down-conversion 
profile. The resulting photon yield is found to exhibit a strong dependence on pump 
intensity, and an enhancement of the down-conversion efficiency is observed. The 
modified pump field description is also modeled numerically and calculations are 
presented, which are found to display good accordance with experimental observations. 
The enhanced yield of spontaneous parametrically down-converted photons will prove 
beneficial for many practical applications of entangled photon pairs where a high flux is 
desired.  
 
                                                          
*  The work presented in this chapter has been published as a peer-reviewed journal article with the citation 
Özgün Süzer and Theodore G. Goodson, III, Optics Express 16, 20166-20175, (2008). 
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II.1. Introduction  
Spontaneous parametric down-conversion (SPDC) is the process by which photons in 
a laser pump beam incident on a nonlinear optical crystal (BBO) spontaneously decay 
into pairs of correlated photons that can be simultaneously entangled in energy, 
momentum, and polarization (for type-II SPDC) [1]. Entangled states of light such as this 
have been utilized successfully in a wide variety of experiments ranging from 
fundamental investigations of the foundations of quantum mechanics [2-4], 
implementations for quantum information manipulation and applications in 
communication technology [5-9], absolute calibration of single-photon detectors [10-14], 
to characterization of optical materials [15]. The convenience of SPDC has made it the 
common method for generation of entangled pairs for use in these experiments.  
The general theoretical aspects of the quantum mechanical correlations between the 
signal and idler photons that constitute a down-converted pair are well known and 
thoroughly studied [16-18]. The properties of SPDC photons with respect to various 
parameters affecting their generation and the interaction that takes place inside the crystal 
have also been explored. Effects resulting specifically from the spectral properties of the 
pump beam, on the spatial coherence of the down-converted beams, and the 
consequences of broadband pulsed pumping have been investigated in [19-21]. In 
addition, the role of the spatial properties of the pump, particularly that of focused 
pumping [22, 23], have been demonstrated to be of crucial importance for applications 
that require coupling of signal-idler modes into a pair of transmission channels, such as 
single-mode fibers [24, 25]. Furthermore, the spatial characteristics and evolution of the 
single-photon SPDC image generated under focused pumping have recently been studied 
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[26, 27]. It has also been shown that parameters like the pump beam waist and the pump 
beam wave front affect the “entanglement area” and the “entanglement time” of SPDC 
photons [28], and consequently have an impact on the interaction of entangled light with 
matter, where interesting non-classical effects had been predicted theoretically [29], and 
recently demonstrated experimentally [30]. 
In general, these studies on the effects of spatial properties of the pump beam on 
SPDC output state, mentioned above, have concentrated on the consequent changes in the 
correlations between signal-idler pairs, and particularly, the role of pump divergence has 
been the main focus of investigation. However, the effect of focused pump intensity, 
especially under constant pump divergence, on overall SPDC photon yield (the efficiency 
of the down conversion process) has not been investigated. This is mainly because of the 
highly scattering nature of the SPDC process, whose output is governed by the phase-
matching conditions, which are a manifestation of momentum and energy conservation; 
kp=ks+ki, ωp=ωs+ωi. These conditions stipulate that down-converted photons are emitted 
with significant probability only when ΔkjLj=(kp-ks-ki)jLj is close to zero, where j=x, y, z. 
Here, Lj is the length of the crystal in dimension j, k denotes wave-vector, and subscripts 
p, s, i refer to the pump field, signal photon, and idler photon, respectively. It follows that 
the diversification introduced into the incoming pump wave-vectors due to nonzero pump 
divergence can affect the SPDC output state, but position of the pump focus with respect 
to nonlinear crystal surface, cannot. In other words, translating the focal plane of a pump 
focusing lens via a linear stage, and hence changing the pump intensity, is not expected 
to alter SPDC output yield because pump divergence is constant throughout this process 
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[27]. (Please refer to Appendix A for a detailed discussion of entangled photon pair 
generation probability and efficiency in SPDC) 
While all applications that utilize SPDC as a source of entangled photon pairs can 
benefit from higher brightness, or increased entangled photon yield of the SPDC process, 
maximizing this entangled photon flux becomes especially important in practical aspects 
of experiments that investigate the interaction of entangled photons with matter, 
mentioned earlier, such as entangled multi-photon absorption. 
In this chapter, we present the results of an experimental investigation, in which, the 
SPDC photon yield is measured under focused pumping conditions where the pump 
beam divergence is invariant and down-conversion efficiency is observed to exhibit a 
strong dependence on pump beam intensity. We also develop a theoretical model 
incorporating the geometrical aspects of the pump field for comparison purposes and 
show by numerical simulations that we have found to agree with our experimental 
findings. This result is important because the efficiency of the SPDC process is not 
expected to depend on position of pump beam waist [31, 32] or show enhancement 
through focusing [33] (Appendix A). The following section describes our experimental 
conditions. The theory section will summarize our theoretical considerations, which will 
be followed by the results, discussions and finally concluding remarks. 
 
II.2. Experimental 
Our experimental setup, illustrated in Figure II.1, utilizes the second-harmonic of a 
femtosecond Ti:sapphire laser system as a pump source for the generation of down-
converted photons in free space. The laser system (Spectra-Physics MAITAI) delivers 
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100-fs pulses with a repetition rate of 82 MHz at λ = 800 nm. A neutral-density filter 
wheel just after the laser system is used to control power admitted into the rest of the 
setup. The laser output is frequency-doubled by focusing onto a 1-mm thick β-Barium 
Borate (BBO) nonlinear crystal, which is subsequently collimated into a spot size of ~2-
mm diameter. The 400-nm light is then separated from the redundant fundamental by 
means of a dichroic mirror (DM), followed by a Brewster-angled prism. 
 
Figure II.1. Schematic representation of our experimental set-up. 
PD are photodetectors used to monitor fundamental and second 
harmonic pump power, DM denote dichroic mirrors utilized for 
spectral selection, PBS is a Glan-laser polarization beam splitter, 
and IF is a narrow-band interference filter. 
A blue filter (BF) is utilized to minimize background intensity before pumping the 
second BBO crystal for generation of SPDC photons. The 400-nm pump is focused onto 
the input surface of this second BBO crystal via an 8-cm focal length lens which is 
mounted on a translating stage that allows us to vary the distance between the lens and 
the crystal continuously ranging from 1 cm to 9.5 cm. In our experiments, we have 
utilized BBO crystals of two different thicknesses for the generation of SPDC photons: 
one 0.5-mm thick (BBO1), and the other 2-mm thick (BBO2), both of which are cut for 
type-II SPDC at φ=42° with respect to the center pump direction (z). The crystals are 
tilted slightly to achieve collinear phase-matching. The output surface of the BBO crystal 
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lies on the focal plane of a successive 6-cm focal length lens that serves to collimate the 
SPDC photons which are characteristically emitted into two cones. The remaining pump 
beam is then removed by means of another dichroic mirror, and the SPDC photons are 
further selected by a spectral filter (IF) with 25-nm bandwidth centered at 800 nm, which 
also constitutes a ~25-mm spatial aperture that is matched or surpassed by all subsequent 
optic elements. The reason for the use of such a wide aperture is to guarantee the 
collection of the whole SPDC pattern.  
In order to test for good collection of the whole SPDC profile, we have measured 
transmitted photon flux through a 1-mm pinhole that was scanned across an image plane 
perpendicular to the SPDC photons’ propagation path after the collimating lens. The 
measurements were then combined into composite images, given in Figure II.2 below. 
These scans were repeated for two different separations between the pump focusing lens 
and BBO down-conversion crystal of d = 10mm and d = f = 80mm, representing both 
extremes of focusing sharpness for our experimental setup; loose, and sharpest possible 
focusing, respectively. As is seen from these images, the overall size of the profile is ~13 
mm vertically across both rings, with an increase of up to ~3 mm as the focusing lens-
BBO separation decreases, which is well within the confines of the aperture, and both 
focusing schemes depict the whole of the SPDC pattern. Note that the SPDC profile 
exhibits asymmetric broadening of the signal and idler cones due to non-zero pump 
divergence. This effect is expected and has been studied in detail in [26] and [27]. 
Immediately after the spectral selection filter, the signal (e-ray plane of BBO) and 
idler (o-ray plane of BBO) modes of SPDC light are separated with a Glan-laser 
polarization beam-splitter (PBS) before being focused onto free-space single-photon-
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sensitive avalanche photodiodes (PerkinElmer Optoelectronics SPCM-AQR-13) by 6-cm 
focal length collection lenses. The single-photon counting modules have a detection 
efficiency of ~56% at 800 nm. The output pulses from the photodetectors can then be 
counted either individually (single-count rate), or fed through a fast coincidence circuit 
(Ortec NIM7400) with a 10-nsec coincidence window, for coincidence-count rate 
measurements, through a data acquisition circuit. Since subsequent optic elements after 
the spectral filter (IF) all match the 25-mm aperture size, and images of the down-
converted profile have been verified with the aforementioned pinhole-scans, both 
photodetectors are able to “see” the whole of their respective signal or idler SPDC 
patterns under all focusing schemes utilized in our experiments. 
 
Figure II.2. Image of the SPDC spatial profile in our experimental 
configuration under (a) sharpest focusing of pump beam (d = f = 
80mm), and (b) loose focusing (d = 10mm) condition, generated by 
measuring transmitted flux through a 1-mm pinhole that is scanned 
across an image plane normal to the beam path after the collimating 
lens. Both axes denote position of the pinhole in millimeters. The 
poor resolution of the image is due to the relatively wide pinhole 
aperture that was used. 
The objective of the experiment is to record single and coincidence count rates as a 
function of pump power for various separations (d) between the pump focusing lens and 
BBO crystal. Due to unavoidable imperfection in the experimental alignment, varying the 
15 
 
distance from down-conversion crystal to the focusing lens, via motion of the stage the 
lens is mounted on, causes the location of the signal and idler collection spots to shift on 
the focal planes of their respective collection lenses prior to detection. This, combined 
with the very small active areas (ø175 µm) of the single-photon counting modules, 
requires that both photodetectors be repositioned to reacquire maximum counts after each 
adjustment of the focusing lens-BBO distance. To this end, the single-photon counting 
modules are mounted on free-space, 3-axis motion stages that are controlled 
electronically, and the collection system is re-optimized after each iteration of the 
distance d. 
 
II.3. Theoretical Background 
In this section we present a theoretical analysis of the down-conversion efficiency for 
photon pairs generated via type-II SPDC under focused pumping conditions. The aim is 
to express transverse spatial parameters in terms of the separation between down-
conversion crystal and pump focusing lens and derive the subsequent SPDC two-photon 
probability amplitude [34] which will govern the rate of SPDC photons detected in 
coincidence as a function of input pump intensity.  
Pittman et al. [22] have analyzed the spatial correlations of the generated ordinary 
(idler) and extraordinary (signal) photons under focused CW pumping by describing the 
transverse-plane pump field profile as a Gaussian intensity distribution and expressing 
the SPDC two-photon state as having a spherical-like contribution in the momentum 
phase-matching condition. Following their methodology, we carry out a similar analysis 
incorporating also the angular frequency envelope for a broadband pulsed pump beam, 
expressing the classical pump field as  
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where ê  is the pump extraordinary polarization direction, A(ωp) determines pump 
spectral width Δωp, and Ep(r┴) is the pump amplitude distribution in the transverse plane, 
approximated by [35] 
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with 2 0 2 20/ ( ( / ) )p p pc d f i w fσ ω λ π≈ − − . Here, f is the focal length of the lens, w0 is the 
pump beam waist before focusing, λp0 is the pump center wavelength, and d is the 
variable distance between the lens and input face of the crystal. 
Adopting the pump beam center direction as the z-axis in subsequent calculations, it 
is further required that the dependence on transverse components of pump wave vector be 
removed from the z-component of the pump wave vector, kpz, by introducing a new pump 
field quantity, Kp≡(ωp/c)ne(ωp), which is equal to the magnitude of the pump k  vector if 
it were exactly parallel to the z direction, where ne,o(ω) respectively are the extraordinary 
and ordinary refractive indices of the crystal. As a result, the pump field amplitude inside 
the crystal can now be written as; 
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Here, it is assumed that the pump diameter is relatively small compared to the focal 
length of the lens such that the paraxial approximation [36] can be applied. Further, a thin 
crystal approximation [37] must also be applied for the above description to be valid, 
without which the simplification of the pump field into computable terms is extremely 
complicated. Completing the square in the momentum-space Gaussian integration in Eq. 
(II.3) yields a spherical-like description for the pump field, rather than the usual plane-
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wave model considered in most treatments of SPDC [22]. It should also be observed that, 
due to the focal-length dependent term in the denominator of the exponential in Eq. (II.2), 
the plane-wave model is recovered in the very long focal length (f → ∞) limit, as 
expected. 
The two-photon output state is then calculated to first order in perturbation theory 
with an interaction Hamiltonian derived from the standard form; [38] 
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where V is the volume of interaction for the classical pump field described by Eq. (II.3), 
H.C. denotes the Hermitian conjugate, â†kj with j=s, i are the creation operators for the 
signal and idler modes, respectively, and electric susceptibility χ of the nonlinear crystal, 
along with all unimportant constants have been absorbed into factor A1. When the volume 
integration is broken up into the multiplication of an area integral and integration over the 
crystal length L, the transverse integration over the r┴-dependent terms can be 
approximated as a Gaussian over an infinite range, provided the crystal cross sectional 
area is large compared to the pump beam waist. It is then possible to use the technique of 
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where the new constant factor A2 has absorbed the constants generated in the transverse 
integration of (II.4) and A1. 
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In the detection scheme utilized for our experiment, the average coincidence-count 
rate, defined by the Glauber formulation [39], will depend directly on the square of the 
two-photon probability amplitude; 
  
2 2( ) ( ) ( ) ( ) ( ) ( )
1 2 2 1 2 10E E E E E Eψ ψ ψ
− − + + + += , (II.6) 
where the analytical fields E(+)1,2 describe the free-space field operators at detector APD1 
for the ordinary-polarized idler beam, and at detector APD2 for the extraordinary-
polarized signal beam. As such, E1(+) incorporates the annihilation operator âki of the idler 
mode, and E2(+) contains the annihilation operator âks for the signal mode. Since the 
detection scheme utilized in our experiment selects near-degenerate wavelengths before 
the signal and idler pairs are separated, both fields have identical angular frequency 
integrations to describe the transmission interval of the interference filter employed. 
Thus, combining (II.5) and (II.6), we are able to establish a description of the coincidence 
counting rate of SPDC photons generated in our setup as dependent on the geometry of 
the focused pump beam, i.e. the separation between pump focusing lens and nonlinear 
crystal, d.  
Note that under conditions where focal-length of the pump-focusing lens is invariant 
such that pump-beam divergence does not change and average pump power is kept 
constant, translation of focusing lens to vary d leads only to variation of pump spot size 
on the input face of the down-conversion crystal and changes the pump intensity 
distribution. As a result, Eq. (II.5) and (II.6) express, effectively, the coincidence-count 
rate as a function of input pump intensity. 
19 
 
II.4. Results and Discussion 
In Figure II.3 we show, for down-conversion crystals of two different thicknesses, the 
measured SPDC coincidence-count rates and numerical simulations based on the 
theoretical model developed in the previous section [Eq. (II.5) and (II.6)] for various 
focusing lens-BBO separations. The experimental data has been normalized for 
comparison purposes. Maximum count rates obtained in coincidence under optimized 
conditions were ~3.60×104 cps for BBO1, and ~1.24×105 cps for BBO2. Due to the 
complexity of equations (II.4) and (II.5), the theoretical modeling was carried out 
numerically instead of analytically for near-degenerate wavelengths of the signal and 
idler photons, detection restricted to the bandwidth of the interference filter (800±12.5 
nm), with pump wave vectors defined in terms of measured pump spectral width (<13 
nm), at normal incidence to the BBO surface. Note that these simulations are carried out 
for varying distances between down-conversion crystal and focusing lens, and not for 
varying focal lengths (pump divergences), where, in the long focal length limit, the 
theoretical model would represent a plane-wave pump field and all dependencies on 
pump geometry in SPDC output state would vanish. In this regime, the output yield of the 
SPDC process would correspond to the dashed plots given in Figure II.3, irrespective of 
the value of d. Note that while each trace exhibits linear behavior as a function of pump 
power, the different focusing schemes result in different slopes, or efficiency, of the 
SPDC process. This is in contrast to previous theoretical predictions [31-33], where 
SPDC output has been reported to be independent of the position of pump beam waist. 
The inclusion of the spherical-like geometrical factor in our theoretical model allows for 
us to calculate the SPDC yield as a function of the separation, d. 
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The theoretical simulations and experimental results for both cases show good 
qualitative agreement in their linear dependence on input pump power. The linear 
character of this dependence is interpreted as evidence that the parametric down-
conversion in our experimental configuration is within the spontaneous regime. The 
quantitative difference between computed theoretical yield and measured SPDC 
coincidence counting rate for thinner nonlinear crystal BBO1 [Fig. II.3(a)] is attributed to 
optical losses not related to aperture size, and alignment imperfections. However, in the 
case of the thicker crystal BBO2, the observed coincidence-count rate is slightly higher 
than the theoretical yield predicted [Fig. II.3(b)]. We suggest that this is due to the larger 
thickness of nonlinear crystal, which is roughly an order of magnitude thicker than the 
metric required so that the thin-crystal approximation remains applicable; in this regime,  
 
Figure II.3. Normalized coincidence-count rate data from (a) 0.5-
mm thick, and (b) 2.0-mm thick BBO crystals measured as a 
function of percent peak pump power for three focusing conditions 
of the pump: d = 80mm (squares), d = 38mm (dots), and d = 15mm 
(triangles). Solid lines represent numerical calculations of each case, 
and dashed lines show the theoretical prediction for the plane-wave 
(f → ∞) limit. 
the pump field description given by Eq. (II.3) is no longer sufficient to describe the 
interaction inside the crystal completely and additive terms that had been dropped for 
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ease of numerical calculation have a more significant effect compared to the case of the 
thinner (0.5-mm) crystal. 
 
Figure II.4. Intensity dependence of signal and idler single-count 
rates as a function of focusing lens-BBO separation for (a) 0.5-mm 
thick, and (b) 2.0-mm thick nonlinear crystals. Note that the scale 
for the thick crystal is ca. 3 times larger. Solid lines for each trace 
are fits to a parametrized exponential of a form matching that of the 
spherical-like envelope of the pump field. The mismatch in signals 
from the two detectors is due to the presence of extra optical loss 
along APD2 path which is not present in APD1. The insets illustrate 
progression from small separations between focusing lens and BBO 
to where the separation is equal to one focal-length of the pump 
focusing lens. The distance between the BBO and collimating lens is 
fixed at L = 60mm. Because pump-beam divergence is constant 
throughout this translation, the angular spread of the SPDC spatial 
profile does not change. However, due to the wider cross-sectional 
area of interaction at small distances, the size of the profile at a 
constant distance from the BBO output surface gets narrower as one 
approaches d = f = 80mm limit. A wide aperture is utilized to 
compensate for this change and ensure collection of the whole 
down-conversion profile at all d values. 
It should be noted here that the presence of “extra near-infrared fluorescence” 
originating from the BBO crystal has previously been reported under focused CW 
pumping conditions for  pump divergence exceeding 32 mrad in [26]. Though the origin 
and nature of this excess light has not been investigated quantitatively, it is presumed not 
to be a result of the SPDC process. The pump divergence obtained from the optical setup 
22 
 
employed in our experiment (25±1 mrad) is smaller than this threshold value, excluding 
the possibility of detecting uncorrelated photons and generating false coincidences. 
Furthermore, this same communication had reported a decrease in SPDC single-count 
rate under conditions where entangled pairs were collected through a “bucket” detection 
scheme which utilizes narrow apertures in front of single-photon counting modules. This 
decrease, however, is attributed to the inhomogeneous broadening of the SPDC spatial 
profile, which, combined with the application of narrow apertures for collection, results 
in diminished collection efficiency of signal-idler pairs. As described previously in the 
experimental section, our setup utilizes a wide aperture (ø 2.54 cm) in order to 
circumvent collection drawbacks of this kind. 
The phase matching argument, as well as previous theoretical studies [31-33], 
suggests that change in the pump beam waist at the nonlinear crystal will not have an 
impact on the SPDC output yield. To test this argument, we have also investigated the 
dependence of single-count rates of the signal and idler photons on position of pump 
beam waist under fixed pump power. In Fig. II.4 we show single-count rates as a function 
of focusing lens-BBO separation, acquired at peak pump power. As expected, the 
counting rates for both the signal and idler modes of the SPDC process exhibit an 
increase toward corresponding maxima as the pump focusing scheme approaches the 
sharpest configuration, and a decrease after. Note that the data also suggests a symmetry 
with respect to the d = f = 80 mm (sharp) focusing condition, however, collection of 
counting-rate data for separations d > 95 mm was not possible with our current 
experimental setup due to physical space constraints. Because Eq. (II.5) and (II.6) 
describe specifically the coincidence-count rate and hence are not directly applicable to 
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single-count data, we have tested adherence of these plots to a form similar to that of the 
spherical-like geometrical factor in Eq. (II.3). Solid lines in Fig. II.4 represent analytical 
fits of the experimental data to such functions. The experimental data is found to show 
good agreement with this form and suggests that the SPDC output photon yield shows a 
non-linear dependence on pump beam intensity for both thin and thick BBO crystals. 
 
II.5. Conclusions 
Our experimental findings show unambiguously that a pump beam focused into 
higher intensities enhances the SPDC output yield, despite the constant pump divergence. 
As opposed to previous publications that had reported no change or even reduced yield 
under such focused pumping conditions, our experimental setup is designed to collect the 
entire SPDC pattern, and thus enhancement of output yield is seen to originate from 
better down-conversion efficiency at higher pump intensity. Accordingly, almost one 
order of magnitude of enhancement can be achieved under optimized conditions. 
Furthermore, this enhanced flux of photons is ascribed solely to the SPDC process, 
because the pump divergence utilized in our experiments is small compared to the 
divergences at which generation of excess, non-SPDC photons had been reported 
previously [26]. 
The comparison of theoretical simulations with our experimental results have shown 
that adopting a spherical-like description for the pump field, as originally proposed in 
[22], serves to minimize the discrepancy between theoretical predictions and 
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Thiophene Dendrimers as Entangled Photon Sensor Materials* 
 
Abstract 
The ability to do spectroscopy with a small number of entangled photons is an 
important development in the area of materials and sensing. This chapter investigates the 
effects of increasing thiophene dendrimer generation on the cross-section for both 
entangled (σE) and random (δR) two-photon absorption cross-sections. Nonlinear optical 
properties of dendrimers are an interesting area of study for potential applications in 
optical signal processing and remote sensing, and the use of a nonlinear optical material 
as a sensor for entangled photons offers great possibilities in quantum lithography. 
Entangled two-photon absorption (ETPA) experiments and two-photon excited 
fluorescence (TPEF) experiments vary by at least ten orders of magnitude in the photon 
flux used to probe the material. ETPA cross-sections from liquid samples as well as those 
of thin film samples are investigated. An increase in σE and δR with increasing dendrimer 
generation is observed. The nonlinear spectroscopic features obtained by the TPEF 
measurements were also obtained by the entangled photon experiments, in which there 
were ten orders of magnitude fewer photons. All dendrimer generations investigated in 
this work are found to have great potential for applications in quantum optical devices. 
                                                 
*  The work presented in this chapter has been published as a peer-reviewed journal article with the citation 
Michael R. Harpham, Özgün Süzer, Chang-Qi Ma, Peter Bäuerle, Theodore Goodson, Journal of the 




Organic conjugated macromolecules have been the subject of intense study for 
applications such as organic light-emitting diodes [1-5], photovoltaic devices [6], light 
harvesting [7-12], molecular electronics [13, 14], and optical signal processing [15-18]. 
Among the many methods of tailoring organic molecules for these applications, 
chromophores designed in dendritic architectures have been shown [5,10,12,14,19-21] to 
hold great promise, as dendrimers exhibit efficient intra-molecular energy transfer and 
energy migration, leading to enhanced nonlinear optical (NLO) properties relative to 
those of the monomeric architecture. One unexplored application of NLO materials is in 
detection of entangled photon pairs generated by spontaneous parametric 
downconversion (SPDC). 
The intensity-dependent random nonlinear effect related to the excitation of virtual 
intermediate states is traditionally explored through two-photon excited fluorescence 
(TPEF) spectroscopy [22]. As TPEF relies on these random events, a potentially 
damaging flux of over 1020 photons/cm2/s incident on the sample is required to generate 
the measurable fluorescence photon count rate necessary to determine a random two-
photon absorption (TPA) cross-section. This is particularly damaging for microscopy 
applications on biological molecules. 
Unlike TPEF, which relies on classical photons, correlated photon pairs generated by 
spontaneous parametric downconversion (SPDC) are used in entangled two-photon 
absorption spectroscopy (ETPA). Photon pairs produced by SPDC have a high degree of 
temporal and spatial correlation. This is critical for demonstrating a relatively efficient 
two-photon absorption event [23]. Theoretical investigations by multiple research groups 
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have shown [23-26] that the entangled two-photon absorption rate should have a linear 
rather than quadratic dependence on the intensity of downconverted light. However, 
experimental demonstrations have been limited [27]. Theoretical estimates of the 
entangled two-photon absorption cross-sections of hydrogen [24] and sodium [25] are 
reported as 10-12 and 10-30 cm2, respectively.  Results from ETPA experiments on a free-
standing third-generation porphyrin film, tetraphenylporphyrin within a polyvinylbutyral 
matrix were recently reported [27]. It was found [27] that the ETPA cross-section for a 
porphyrin dendrimer film was on the order of 10-17 cm2, which is only an order of 
magnitude lower than the single-photon absorption (SPA) cross-section of 10-16 cm2 at 
the linear optical absorption maximum of the dendrimer. Furthermore, a transition from 
linear (entangled) to quadratic (random) absorption rates with increasing input flux 
density was observed in these experiments far from any resonances of the porphyrin 
dendrimer. While these initial results have suggested the possibility of using entangled 
photons for nonlinear spectroscopy, there has not been a systematic demonstration of the 
use of entangled photons for this purpose reported in the literature. 
In this chapter, a set of thiophene dendrimers (Fig. III.1) synthesized according to 
reported procedures [28, 29] are systematically investigated as sensors for entangled 
photons, and the effects of increasing dendrimer generation on two-photon absorption 
cross-section of these thiophene dendrimers are observed. Previous work on thiophene 
dendrons, essentially half the dendrimer we investigate in this chapter, has shown [20] 
interesting nonlinear absorption properties. A non-monotonic increase in two-photon 
absorption cross-section of these dendrons was observed [20], suggesting a cooperative 
enhancement due to intramolecular interactions between the thiophene branches. While 
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the overall two-photon absorption cross-section is found to increase with dendron 
generation, the two-photon absorption cross-section per thiophene unit is found [20] to 
increase non-monotonically with dendron generation only until the 2nd generation (G2), 
suggesting a cooperative enhancement of the TPA cross-section. The decrease in TPA 
cross-section per thiophene in the G3 dendron was attributed [20] to a saturation effect. 
Here, the two-photon absorption cross-section of thiophene dendrimers is investigated 
through entangled TPA as well as traditional, TPEF experiments. This is the first report 
of a comparison between trends in the TPA cross-sections measured by these techniques 
in a systematic manner for a complete set if dendrimers varying in generation. In 
addition, thin film, as well as liquid, samples are investigated and compared in this work 




The thiophene dendrimers investigated in this work were synthesized by a iterative 
divergent/convergent method starting from a trimethylsilyl- (TMS) protected branched 
terthiophene [28,29]. A solvent of tetrahydrofuran (THF, Sigma-Aldrich, 99.9% purity) 
was used for thiophene dendrimer liquid samples. The optical density for the solutions 
prepared was controlled by concentration. 
Steady-state absorption experiments were performed using an Agilent 8325E UV/Vis 
spectrometer, and fluorescence measurements with a Jobin Yvon - SPEX Fluoromax-2 
spectrometer. Thin film samples were drop-cast in poly-ethylmethacrylate-co-
methacrylate (PEMA-MA, Aldrich, Mw ~ 106 g/mol) with solvent tetrahydrofuran (THF, 
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Aldrich, 99.98%, inhibitor free) onto a glass substrate. Film thickness and uniformity was 
assessed using a Dektak surface analyzer. All films studied were prepared to have a 
uniform thickness between 10 and 80 μm, varied by dendrimer generation to yield a 
reasonable single-photon absorption spectrum, which matches steady-state spectra in 
liquid samples and hence shows that there is no aggregation of the thiophene dendrimers 
within the film. 
 
Figure III.1.  Thiophene dendrimers 6T (top left), 18T (middle left), 
42T (top right) and 90T (bottom). Dendrimers are named according 
to the number of the thiophene groups. 
III.2.2. Two-Photon Excited Fluorescence  
The two-photon excited fluorescence (TPEF) method [22] was employed to evaluate 







TPA cross-section δR was evaluated over the excitation wavelength range of 700-850 nm 
using a mode-locked Ti:sapphire laser (Spectra-Physics MaiTai® HP, pulse width < 100 
fs, 80 MHz repetition rate). In the TPEF technique, two-photon absorption cross-sections 
were measured relative to a reference solution of 10-4 M Coumarin 307 in methanol.  
 
III.2.3. Entangled Two-Photon Absorption 
A significant flux of entangled photon pairs is necessary for observation of the ETPA 
effect. Our system is designed such that polarization-entangled pairs of photons are 
generated at a wavelength of 800nm through the SPDC of photons at 400 nm wavelength 
under the collinear phase-matching conditions illustrated in Figure III.2. The 
experimental setup is illustrated in Figure III.3. Briefly, sub-100 fs pulses, typically 14 
nm FWHM centered at 800 nm with an 82 MHz repetition rate, from a mode-locked 
Ti:sapphire laser (Spectra-Physics MaiTai®) are frequency-doubled to produce a SHG 
beam at 400 nm. This SHG beam is then focused onto a 0.5 mm β-barium borate (BBO II 
in Figure III.2) crystal designed for Type II SPDC to generate entangled pairs of down-
converted photons.  
 
Figure III.2. Illustration of collinear phase-matching condition of 
Type II SPDC.  Idler (vertical polarization) and signal (horizontal 
polarization) “cones” of photons are overlapped along one line. 










Down-converted photons are detected by silicon avalanche photodiode (APD) single 
photon counting modules (Perkin-Elmer SPCM-AQR-13). Using these APD’s 
individually, the single photon count rate at a given detector is measured.  A Glan-Taylor 
polarization beam splitter is used to direct the idler (o-ray) and the signal (e-ray) to 
separate APD’s to allow concidence counting by a fast coincidence counting module 
(Ortec NIM7400, 10 ns coincidence window) connected to the two APD’s. 
 
Figure III.3. Experimental setup for ETPA experiments. Dichroic 
mirrors (DM) are used to separate second-harmonic from 
fundamental, and entangled photons from second-harmonic. 
Switching to analysis (coincidence) counting requires addition 
(removal) of one mirror between the interference filter (IF) and 
polarization beam splitter (PBS).  Photodiodes (PD) are used as a 
reference for fundamental and second-harmonic power, while 
avalanche photodiode (APD) single-photon counting modules detect 
entangled photons. 
With this setup, a maximum input photon rate of almost 3×107 photons/s for the 
singles count rate and 2.2×105 photons/s for the coincidence count rate is obtained.  To 
vary the input flux, the fundamental beam is attenuated using a continuously variable 
neutral density filter wheel, with photodiodes (PD’s) serving as references for the input 



















appropriate corrections for background and scatter. Film samples are oriented 
perpendicular to the incoming SPDC pump, with the film centered at the focal point of 
the sample telescope. The experimental setup and method used for these experiments 
have previously been demonstrated [27] effective for ETPA measurements.  
 
III.3. Results and Discussion 
III.3.1. Linear Optical Spectroscopy 
 
Figure III.4. Normalized absorbance (closed symbols, left axis) and 
emission (open symbols, right axis) spectra for thiophene 
dendrimers. Absorbance and emission maxima are red-shifted with 
increasing dendrimer generation. 
Results from steady-state absorption and fluorescence are illustrated in Figure III.4. 
From these absorption spectra, a red-shift of the absorption maximum and a broadening 
on the red side of the peak is observed with increasing number of thiophenes. These 
effects have been observed in thiophene dendrons and ascribed [20,30] to absorption by 
α-thiophene chains of different lengths within the dendron. The absorption spectrum of 
the dendron is produced by a linear combination of absorption spectra from individual α-
thiophene chains [20,30]. A red-shift of emission maximum with increasing number of 
thiophenes is observed in the thiophene dendrimers studied in this work. Previous work 

























on thiophene dendrons has shown [20,30] that this shift in emission maximum can be 
attributed to emission from the longest α-thiophene chain. With linear spectroscopy 
alone, the delocalization of excitation and absorption within these dendrimers cannot be 
explicitly evaluated; a complementary set of nonlinear two-photon absorption 
measurements is necessary to evaluate delocalization within these dendrimers.  
Fluorescence quantum yield Φfl (Table III.1) is calculated by a known method [31] 
using Coumarin 307 as a standard. The quantum yield is found to decrease with 
dendrimer generation, which, based on previous results [20] for thiophene dendrons, may 
be a result of a decrease in fluorescence lifetime with increasing dendrimer generation. 
The analysis of fluorescence lifetime of these dendrimers through time-correlated single-
photon counting methods will be published [32]. 
 
III.3.2. Two-Photon Excited Fluorescence Spectroscopy 
The TPA cross-sections were estimated using the two-photon excited fluorescence 
(TPEF) method [22]. Fluorescence was collected for each dendrimer at the emission 
maximum determined from steady-state spectroscopy (Fig. III.4, Table III.1). TPA cross-
sections of the various dendrimers as a function of excitation wavelength are shown in 
Figure III.5. A pronounced increase in cross-section with increasing dendrimer 
generation is observed. At an excitation wavelength of 800 nm, TPA cross-sections for 
the dendrimers are found to increase from 6 GM to ~1100 GM (1GM = 10-50 cm4 s 
photon-1 molecule-1) as the dendrimer generation increases, a trend which has been 
attributed to delocalization of the excitation over the entire dendrimer [20,33]. The TPA 
cross-section of the 42T dendrimer in this work is found to be nearly identical to that of 
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the 45T dendron previously reported [20]. Comparing the thiophene dendrimers in this 
work to nitrogen-centered phenylacetylene dendrimers previously reported [34], the 
thiophene dendrimer is found to yield a larger TPA cross-section than the 
phenylacetylene dendrimer does for a given dendrimer generation. Recently, thiophene 
macrocycles have been reported [33,35] to have TPA cross-sections of 104-105 GM, with  
TPA cross-sections per thiophene group of 102-103 GM. The thiophene dendrimers 
reported here are found to have a smaller TPA cross-section per subgroup than the 
macrocycles do. However, the dendrimer architecture may have greater potential in 
energy transport applications due to the ability of branch-core systems to funnel energy 
[21]. 
 
Figure III.5. Two-photon absorption cross section, δR, for thiophene 
dendrimers plotted against excitation wavelength.  
Thus, the main spectroscopic trends are that the TPA cross-section increases with 
increasing dendrimer generation and number of thiophene units, and that the TPA cross-
section per thiophene is found to be at a maximum for the 42T dendrimer. While a larger 
TPA cross-section is observed in the 90T dendrimer than is observed in the 42T 
dendrimer, a smaller TPA cross-section per thiophene was found. These trends have been 
explained [20,33] for the case of dendrons by a cooperative enhancement of the TPA 




















cross-section through an increase in branching, with a saturation effect occurring in the 
highest dendrimer generation. Time-resolved measurements of energy transfer have also 
been carried out to show the intramolecular interactions between the thiophene 
chromophore units, which are in part responsible for the generation dependence of the 
TPA cross-section in this systematic set of dendrimer materials, and will be reported 
elsewhere [32].  
Dendrimer Steady-State 
Two-Photon Excited Fluorescence 
at 800nm 
# Thiophenes 
λabs λem Φfl Random TPA (δR) δR/Thiophene 
(nm) (nm)  (GM) (GM) 
6 382 483 0.11 6 1.0 
18 384 548 0.08 230 12.8 
42 387 570 0.07 620 14.8 
90 389 596 0.04 1130 12.6 
Table III.1. Results from steady-state linear absorption and two-
photon excited fluorescence measurements 
III.3.3. Entangled Two-Photon Absorption Measurements 
The entangled two-photon absorption rate [36], ER , is derived from time-dependent 
second-order perturbation theory in terms of the second-order correlation function [37]. 
Theoretically, the ETPA effect is accompanied by non-entangled or random TPA effect 
[23]. From this, a bimodal distribution is observed in the flux-dependence of the absorbed 
photon rate. At low input photon flux density, the ETPA rate dominates and the observed 
absorption rate is demonstrated [24, 25, 27] as linear with input flux. From this, the TPA 
rate RE is expressed as the summation of the linear ETPA rate and the quadratic, random 
TPA rate [24, 25, 27]:  
 2E RR σ φ δ φ= +  (III.1) 
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where Eσ  is the ETPA cross-section, Rδ is the random TPA cross-section, and φ  is the 
input photon flux density of photon pairs. The critical flux critφ is defined [24, 25] as the 





= .  (III.2) 
 Below critφ , the absorption of entangled photons is expected [24, 25] to dominate 
over random TPA, enabling a clear evaluation of the ETPA cross-section.  
There exist two factors critical in an ETPA process – the entanglement time TE, and 
the entanglement area AE. The entanglement area is determined by the angular width of 
the fourth-order coherence function [24] and depends on the pump beam waist, the pump 
beam wavefront, and the crystal length. It has been shown that the entanglement area can 
be increased by decreasing the interaction length of the SPDC process, as well as by 
decreasing the spot size through focusing [38]. The entanglement area is related [24, 25, 
27] to the entangled and random two-photon absorption cross-sections, and the 










=  (III.3) 
where the entanglement time, ET , is equivalent to the difference between the transit times 
of the correlated photon pair through the nonlinear crystal [39].  
An interference filter was employed to obtain a SPDC pump wavelength of 800 nm 
for these entangled two-photon absorption experiments. Entangled two-photon absorption 
was observed in all generations of dendrimer investigated in this work. Shown in Figure 
III.6 is the plot of normalized absorbed photon rate against input photon flux for the 90T 
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dendrimer prepared in solution and in thin film. Both linear and quadratic character is 
observed, which, from equation III.1, is due to ETPA and random TPA, respectively. 
From these plots, it is shown that entangled two-photon absorption for these thiophene 
dendrimers is measurable with an input flux of 1012 photons/cm2/s in both types of 
samples. 
 
Figure III.6. Normalized absorbed photon rate for 90T dendrimer / 
THF liquid samples (a) and 90T dendrimer film sample (b) plotted 
against input flux (bottom axis) and photon count rate (top axis). 
The linear component of the absorbed photon rate is shown with a 
solid blue line, while the quadratic component is shown with a 
dashed red line. 
ETPA cross-sections were extracted from the linear component of the absorption and 
are summarized in Table III.2. These ETPA cross-sections are on the order of 10-18 
cm2/molecule for liquid samples, and 10-17 cm2 molecule-1 for film samples. The ETPA 
cross-sections are nearly on the order of single-photon absorption cross-sections of these 
dendrimers. The magnitude of these ETPA cross-sections compares well to that obtained 
from ETPA experiments performed [27] on porphyrin dendrimers. A linear dependence 
of ETPA cross-section on generation is observed in these thiophene dendrimers, as seen 
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in other reports of thiophene macrocycles [33, 35] and dendrons [20]. From this, ETPA 
experiments are found to be sensitive to the cooperative interaction of the thiophene units 
within the dendrimers. For a given film sample, Eσ  is 5-25 times that of the 
corresponding liquid sample is obtained. It is found that the ratio , ,E film E liquidσ σ  
decreases exponentially with the number of thiophenes in the dendrimer.  The number 
density of the dendrimer films was on the order of 1020 molecules/cm3, one or two orders 
of magnitude greater than that of equivalent liquid samples, so there may be a greater 
degree of inter-molecular coupling in the thin film sample than in the liquid sample. 






# Thiophenes Liquid x 10-18 
Film 
x 10-17 Liquid Film 
6 0.13 0.33 0.10 0.22 
18 0.71 0.98 0.26 0.32 
42 2.6 2.0 0.67 0.74 
90 5.9 3.7 1.0 1.0 
Table III.2. Entangled two-photon absorption (ETPA) cross-
sections 
 A higher-order nonlinear absorption (HoNLA) cross-section on the order of 10-30 cm4 
s photon-1 (1020 GM) was determined from the quadratic component of the absorbed 
photon rate. Although the possibility of random TPA is suggested by equation III.1, the 
incredible difference in order of magnitude between this HoNLA cross-section and the 
rTPA cross-section obtained from TPEF experiments makes the underlying cause of this 
higher-order nonlinear absorption uncertain. The HoNLA cross-section is found to 
increase with dendrimer generation, while being independent of sample type. The 
dependence of the HoNLA cross-sections on the number of thiophene units is found to be 
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nearly identical to that observed in TPEF and ETPA cross-sections. While this HoNLA 
cross-section has not been proven in this study to be a result of random TPA of these 
thiophene dendrimers, the HoNLA cross-section follows the same trend as that of ETPA 
cross-sections, as well as that of random TPA from TPEF experiments. Based on this 
result, it is suggested that this nonlinear absorption is due to non-entangled, but 
correlated, photons generated by the SPDC process. 
 The entanglement time was calculated from the difference in transit times between 
signal and idler photons produced by the down-conversion crystal [40]. In this 
experimental setup, TE is determined to be 96 fs. Using this entanglement time and the 
results from the ETPA measurements, an entanglement area was calculated from equation 
III.3. Entanglement areas of 4 cm2 for liquid samples and 0.6 cm2 for film samples are 
obtained, and AE does not appear to vary by dendrimer generation within a given sample 
type. Several factors may contribute to these macroscopic results for AE. First, under 
focused pumping conditions, the divergence of the pump beam used for SPDC 
contributes to the uncertainty in the entanglement area. As this experiment relies on a 
mode-locked source rather than a continuous wave source, creation of correlated photons 
is expected [41] to be localized rather than random, which may contribute to a further 
increase in entanglement area over that calculated based on continuous wave sources 
[24]. A larger entanglement area is observed in thiophene dendrimers than in previous 
experimental investigations [27] of porphyrin dendrimers, in which an AE on the order of 
10-2 cm2 was observed. In the case of thiophene dendrimers, which are known to be 
space-filling structures [28, 29], there may be additional effects from the cooperative 
interaction between the thiophene units. Previous results for thiophene dendrons have 
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shown [20] that excitation is delocalized across the entire dendrimer. AE is known [24] to 
have implications in the critical flux critφ . Using equations III.2 and III.3, it is found that 
critφ is inversely proportional to AE, suggesting that a large AE allows evaluation of both 
entangled and random two-photon absorption at low input flux. While the ETPA cross-
section is also shown [24] to be inversely proportional to AE, the negative effect of a large 
entanglement area on Eσ  can be compensated for by decreasing the entanglement time TE 
by addition of quartz plates to decrease the delay between signal and idler photons. 
 
Figure III.7. Normalized absorbed photon rate for 42T liquid 
samples plotted against input flux rate for ETPA experiments 
(squares, inset) and traditional TPEF experiments (squares). Solid 
blue and dashed red lines denote fits of the data to linear and 
quadratic functions, respectively. Note that the TPEF horizontal axis 
has units 1022 photons/cm2/s, while inset ETPA horizontal axis has 
units of 1012 photons/cm2/s. 
For comparison to traditional methods, the absorption rates of 42T liquid samples 
against the input flux density for both TPEF and ETPA experiments are plotted in Figure 
III.7. Results from traditional TPEF experiments are shown to be perfectly quadratic. 
Both linear and quadratic terms, suggesting entangled and random TPA, respectively, are 
observed in ETPA results. From this, the nonlinear two-photon absorption of these 
thiophene dendrimers can be detected through ETPA measurements using ten orders of 
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magnitude fewer photons than that necessary for TPEF measurements. The ability to 
evaluate the nonlinear absorption of a material using a very low flux of photons is desired 
for imaging applications involving biological materials.  
 
Figure III.8. Comparison of classical and entangled two-photon 
absorption characteristics measured at very low flux of excitation 
photons. Absorbed photon rate is plotted against net excitation 
photon rate for both ETPA (round symbols, left axis) and classical 
TPA (square symbols, right axis) measurements performed on a 
ZnTPP chromophore (inset) solution. Classical TPA measurements 
were carried out in the same transmission configuration as ETPA 
experiments, with the coherent output of the Spectra-Physics 
MAITAI® laser system used directly as the excitation source, after 
being heavily attenuated to obtain an excitation photon flux that is 
comparable to that utilized in ETPA measurements. The best fit to a 
second order polynomial (dashed red line), and the extracted linear 
contribution (solid blue line) are shown for the ETPA response. No 
discernable classical TPA response was observed. 
In order to verify the 10-order of magnitude enhancement that is observed in ETPA 
measurements compared to results obtained by classical TPA methods (TPEF), we have 
compared the ETPA and classical TPA response of a 3rd generation ZnTPP dendrimer in 
a control experiment that utilizes both entangled and classical photons as the excitation 
source in the low-flux regime. The results of these measurements are presented in Fig. 










































III.8. The ZnTPP material was chosen for its structural similarity to the H2TPP dendrimer 
system that had previously been shown to exhibit good ETPA and classical TPA response 
[27], and to further generalize the enhancement presented in Fig. III.7 to materials that 
are dissimilar to any of the oligothiophene systems studied in this chapter. ETPA 
response experiments were carried out with the same methodology that was discussed 
earlier in this chapter. Classical TPA measurements were carried out using the 
fundamental coherent output of the Spectra-Physics MAITAI® ultrafast laser system, 
which was heavily attenuated to achieve a classical excitation flux of photons that is 
comparable to those utilized in our ETPA experiments. The attenuated classical 
excitation beam path was matched to that of the entangled excitation, and absorption 
measurements were again performed in the transmission regime, using the same sample 
telescope and detection scheme that is utilized for ETPA measurements. As can be seen 
clearly in Fig. III.8, the ZnTPP material exhibits the expected linear- and quadratic-
dependencies on excitation flux under entangled photon-pair excitation, while no 
discernable absorption characteristics were observed for the classical excitation at these 
low flux ranges. 
Two-photon absorption cross-sections of the dendrimers, relative to that of 90T, are 
plotted in Figure III.9 against the number of thiophene units. The relative ETPA cross-
sections obtained for dendrimer samples are found to match the trends obtained by TPEF 
measurements on dendrimers presented in this chapter, as well as previously published 
TPEF results for thiophene dendrons [20]. The fact that random TPA trends have been 
reproduced with ETPA measurements gives additional confidence in the ETPA method. 
From the results presented in Fig. III.9, it is shown that nonlinear absorption, and more 
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importantly, trends in nonlinear absorption cross-section, can be observed by entangled 
photon pairs using ten orders of magnitude fewer photons than are required by traditional 
methods.  
 
Figure III.9. ETPA (stars) and rTPA (open squares) cross-sections 
relative to those of 90T for dendrimer liquid samples. rTPA cross-
sections are obtained from traditional TPEF experiments. 
 
III.4. Conclusions 
Thiophene dendrimers systematically explored in this work are demonstrated to be 
effective sensors for entangled photons at very low flux, which has applications in 
imaging of biological systems, remote sensing, and quantum optical applications. A 
linear dependence on input flux, which is a signature of entangled two-photon absorption, 
is observed in ETPA measurements for all thiophene dendrimers in this study. ETPA 
effects are observed regardless of whether the sample is prepared as a thin film or liquid.  
ETPA cross-sections of these dendrimers are measured to be on the order of 10-19-10-17 
cm2, only one or two orders of magnitude smaller than their linear optical absorption 
cross-sections. The ETPA cross-sections are found to be an order of magnitude greater in 
the thin film samples than in the liquid samples, suggesting that the dendrimer thin films 
exhibit better performance than dendrimer solutions as detectors for entangled photons. 



























This enhancement due to sample medium is found to be most pronounced in the lower 
generation dendrimers, where concentration and number density are the highest. Despite 
differences in the sample medium, nearly identical nonlinear absorption cross-section 
dependence on the number of the thiophene units in the dendrimer is obtained. Trends in 
nonlinear absorption cross-section measured by ETPA are found to match those 
measured by TPEF experiments, despite the fact that ten orders of magnitude fewer 
photons are used in the ETPA measurements. The ability to measure nonlinear optical 
properties of materials with a very low flux of photons has extraordinary implications in 
nonlinear spectroscopy and quantum optical applications. 
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Spatial Control of ETPA with Organic Chromophores* 
 
Abstract 
Entangled photons generated by spontaneous parametric down-conversion (SPDC) 
are used to investigate entangled two-photon absorption (ETPA) in multi-annulene 
systems. ETPA characteristics are shown to depend on the spatial orientation of the 
SPDC emission pattern. The expected dependence of absorption rate on input flux is seen 
for emission patterns which exhibit spatial indistinguishability between the signal and 
idler photons, while no absorption is observed for a spatially distinguishable emission 
pattern. The amount of absorption of entangled photons is also seen to depend on the 
degree of overlap of the entangled photons for the indistinguishable conditions. A 
tunability of the entangled photon absorption can thus be achieved by utilizing the spatial 
characteristics of the entangled photon pairs. 
                                                
*  The work presented in this chapter has been published as a peer-reviewed journal article with the citation 
Alica Guzman, Michael R. Harpham, Özgün Süzer, Michael M. Haley, and Theodore Goodson III, 





Organic conjugated nonlinear optical (NLO) macromolecules have been used in a 
variety of important optical applications [1]. One relatively unexplored area for organic 
NLO materials is the absorption and detection of entangled photons generated by 
spontaneous parametric down-conversion (SPDC). Entangled two-photon absorption 
(ETPA) in real materials may be very useful for applications in quantum sensing and 
communication, as well as new methods of spectroscopy at extremely low input photon 
flux [2, 3]. ETPA has been successfully performed for a variety of organic two-photon 
absorbing materials with a very small number of photons [4, 5]. However, there have not 
been any reports of the control of the ETPA process through different quantum entangled 
states of the photons. The SPDC in BBO crystals results in signal and idler daughter 
photons governed by the so-called phase-matching conditions of ωp = ωs + ωi and kp = ks 
+ ki, where subscripts p, s, i denote pump, signal, and idler photons, respectively. Phase-
matching also dictates the spatio-temporal characteristics of the SPDC emission [7]. 
Three distinct spatial orientations of the resulting emission pattern are found and in this 
chapter it is shown that these patterns also allow a method to either enhance or limit the 
degree of entangled photon absorption in an organic material. The particular mechanism 
and cause for varying amounts of ETPA is also discussed in reference to controlling the 
entangled photon absorption process. 
 
IV.2. Results and Discussion 
Figure IV.1 shows the structures of the two-photon absorbing macromolecules used 
in this investigation [8]. The bis-annulene system and similar structures have shown very 
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impressive two-photon absorption (TPA) cross-sections with classical photons [9, 10]. 
Our investigation shows an unprecedented enhancement due to delocalized excitons for 
the tri- and tetra-annulene systems (see Table IV.1). 
 
Figure IV.1. Annulene systems: bis[18]annulene (top left), 
tri[18]annulene (top right), and “linear” tetra[18]annulene (bottom). 
Measurement of classical TPA cross-sections follows that of references 9, 10, and is 
detailed in the Supporting Information section. 




















Table IV.1. Two-photon and entangled two-photon cross-sections 
of annulene systems. Cross-sections are calculated at 800nm 
excitation wavelength. 1 GM = 1×10-50 cm4 s photon-1. 
ETPA is a process involving entangled photon pairs which populate excited (or 
virtual) states of a molecule with a finite interaction time (entanglement time) and area 
(entanglement area). Shown in Table IV.1 is the entangled photon absorption cross-
section for the annulene materials, tabulated for different phase-matching conditions. A 
52 
 
description of the experimental setup for ETPA can be found in the Supporting 
Information section [4, 5]. These cross-sections are calculated utilizing a simplified 
theory for ETPA [11]. The total absorption rate is expressed as [11] 
 2e rR= σ φ+δ φ  (IV.1) 
where σe denotes ETPA cross-section, giving a linear dependence on input photon flux, 
and δ denotes classical (or random) TPA cross-section, giving a quadratic dependence on 
input flux. 
We have found a way to control the ETPA process through use of the phase-matching 
conditions from SPDC. Shown in Figure IV.2 are three images obtained from the 
different controlled phase-matching conditions. Images of the SPDC spatial profile were 
obtained with an intensified ICCD camera (PI-MAX2: 1003), which has 27.5% quantum 
efficiency at 800 nm. The ICCD was positioned after the sample telescope and before the 
NPBS, with no sample in place. The images confirm the phase-matching condition (non-
collinear, collinear, or spatially separated) under which the SPDC process occurs, and 
also confirm that the entire profile is being collected without clipping of the pattern. The 
resulting signal and idler fluxes propagate as a pair of polychromatic cones, from which 
frequency selection yields a pair of rings in the transverse plane, whose angular 
distribution depends on the angle of the crystal optical axis relative to the pump beam. 
The three distinct spatial orientations of the rings are: non-collinear, in which the rings 
overlap in two areas; collinear, in which the rings are tangential, or overlap in one area; 
and spatially separated, in which there is no spatial overlap. In type-II SPDC, the signal 
and idler fluxes also carry orthogonal polarizations, making it useful for observation of 




Figure IV.2. SPDC spatial profiles for (a) non-collinear, (b) 
collinear, and (c) spatially separated phase-matching conditions. 
We have carried out ETPA experiments with all three phase-matching conditions for 
these novel, highly nonlinear two-photon materials. The ETPA collection data are shown 
in Figure IV.3, grouped by phase-matching condition. From the ETPA cross-sections in 
Table IV.1, a downward trend is observed when going from non-collinear, to collinear, to 
spatially separated phase-matching condition. In addition, ETPA data for the spatially 
separated condition show no significant absorption for any of the samples. 
 
Figure IV.3. Results from ETPA measurements grouped by phase-
matching condition: spatially separated (top left), collinear (top 
right), non-collinear (bottom). The normalized absorption rates are 
plotted against the input photon rate. The dashed lines show the 
linear fits and solid curves show quadratic fits. 
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The dependence of ETPA cross-section on the entanglement area, Ae, and 
entanglement time, Te, were investigated as a cause for the variation in absorption 
characteristics between the phase-matching conditions. The temporal- and spatial-widths 
of the fourth order coherence function, given by Te and Ae, affect the ETPA cross-section 
according to the expression [2]: 
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under degenerate pumping, where 
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for signal-idler path delay τ, pump frequency ωp, energy mismatch Δj and transition 
matrix elements Dj. Ae has been shown to depend on the beam waist and is not expected 
to vary with phase-matching condition [13]. The difference in entanglement time between 
the different phase-matching conditions is 8×10-2 fs (see the Supporting Information 
section for calculation). This small change in Te cannot account for the difference in 
ETPA characteristics between the spatially separated case and the other two conditions. 
Visibility also offers no explanation for the absence of entangled photon absorption. 
There is no indication that visibility for the spatially separated condition should be 
drastically lower than for the collinear or noncollinear conditions. The spatially separated 
case (which showed no ETPA) has previously been shown to exhibit high visibility for 
SPDC [14]. Our polarization visibility measurements yielded a maximum visibility of 
85% which did not vary significantly between the phase-matching conditions.  
In attempts to determine the cause of the dissimilarity in absorption characteristics for 
the spatially separated condition, it was found that the polarization visibilities, 
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entanglement time, and entanglement area do not vary significantly with SPDC phase-
matching condition. Instead, we suggest that “distinguishability” between the signal and 
idler fluxes is a significant difference which may give rise to the change in ETPA 
behavior with different phase-matching conditions. The entangled photons are said to be 
spatially indistinguishable in the regions of overlap of the signal and idler emission 
cones, where it is impossible to distinguish which photon is the idler and which the signal 
in the pair [15]. The non-collinear condition contains two regions of overlap, the collinear 
condition one region, and the spatially separated condition produces no spatial 
indistinguishability. 
 
IV.3. Supporting Information 
IV.3.1. Materials 
The annulene molecules were synthesized by intramolecular macrocyclization of α,ω-
polyyne precursors via oxidative homocoupling [8]. Liquid samples were prepared with 
tetrahydrofuran (THF, Sigma-Aldrich, 99.9% purity) as the solvent. Thin film samples 
were prepared with poly(ethyl methacrylate-co-methyl acrylate) (PEMA-co-MA, 
Aldrich, Mw ≈ 106 g/mol) in chloroform and were drop-cast onto a glass substrate. The 
drop-cast films were heated overnight in a vacuum oven at 313 K evacuated to a pressure 
difference of 20 inHg. A Dektak surface analyzer was used to assess film thickness and 
uniformity. Steady-state absorption and fluorescence emission spectra were obtained 
using an Agilent 8453 UV-Visible Spectrophotometer and a Jobin Yvon - SPEX 
Fluoromax-2 spectrometer and were found to match previous results [8, 16]. The spectra 




Figure IV.4. Steady-state absorption (left) and emission (right) 
spectra for annulene molecules. 
The one-photon cross-section at 800 nm of the annulene samples have been estimated 
from the UV-Vis absorption measurements to be on the order of 10-19 cm2. This is a full 
two orders of magnitude smaller than the entangled two-photon cross-sections at the 
same wavelength. Furthermore, absorption experiments that exactly follow the 
methodology of our ETPA measurements have been performed where classical 
fundamental light from our laser source was utilized as the excitation instead of the 
entangled SPDC source. In these measurements, the laser source was heavily attenuated 
such that the flux of classical photons will match the entangled photon flux in our ETPA 
measurements. At such low excitation flux, no absorption of the classical photons by the 
samples was observed. Based on this evidence, we are confident that the linear portions 
of our submitted ETPA plots can predominantly be attributed to the entangled photon 
contribution.  
 
IV.3.2. Two-Photon Excited Fluorescence 
Random two-photon absorption cross-sections, δR, for liquid samples were 
determined by the two-photon excited fluorescence (TPEF) method [17]. We have 
investigated a number of multi-chromophore systems with enhanced cross-sections due to 
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strong intra-molecular coupling [9, 18-20]. In the present investigation, cross-sections 
were determined for excitation wavelengths in the range 770-830 nm using a mode-
locked Ti:Sapphire laser (KMLabs mini Ti:Sapphire, pulse width < 30 fs, 80 MHz 
repetition rate). 
The excitation beam is passed through a circular aperture to ensure a circular beam, 
and the intensity is controlled through the use of a neutral-density filter wheel placed 
after this aperture. The beam is then focused onto the sample cell (quartz cuvette, 0.5 cm 
path length). The fluorescence is collected at an angle perpendicular to the excitation 
beam. This fluorescence passes through a circular aperture and a collection lens, which 
directs it into a monochromator (Cornerstone 130TM, Oriel Instruments). The 
monochromator output is coupled to a photomultiplier tube, and photons are converted 
into counts by a photon counting unit (M8485 counting board, C3866 counting circuit). 
The fluorescence intensity is monitored as the excitation intensity is varied. The cross 








ηδ= , (IV.4) 
where η  is the fluorescence quantum yield, δ  denotes TPA cross section, c  is the 
concentration of chromophore, n  is the refractive index of solvent, pg  is a shape factor 
(0.664 for a Gaussian pulse), λ  denotes wavelength, f  is the frequency of pulses from 
the laser source, τ  is pulse duration, φ  is collection efficiency, and )(tP  denotes the 





g p  are all known laser parameters. The terms cnηδ
2
1  are all related to 
the sample. The collection efficiency, which is related to the optical setup, is determined 
from a standard. In this case, the standard was a solution of 10-4 M Coumarin 307 in 
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Thus, a log-log plot of fluorescence intensity versus input intensity is linear with a 













1log . Since all of these terms 
except φ  are known for the standard, the collection efficiency may be calculated. The 
TPA cross section can then be calculated for the sample using this collection efficiency. 
 
IV.3.3. Optical Configuration 
The experimental setup (Figure IV.5) is pumped by a mode-locked Ti:Sapphire laser 
(Spectra-Physics MaiTai®, pulse width < 100 fs, 80 MHz repetition rate) with emission 
centered at 800 nm with 12 nm bandwidth. References for input power are monitored by 
photodetectors (PD). The 800nm output is frequency doubled in a 1-mm thick β-barium 
borate crystal (BBO I) cut for type-I configuration. Residual fundamental light is 
discarded by a dichroic mirror (DM) and Brewster-angled prism followed by a blue filter 
(BF) to minimize background intensity. The second-harmonic is passed through a 0.5-
mm thick BBO crystal (BBO II) cut for type-II SPDC with an angle φ=42° relative to the 
pump direction. The phase-matching condition under which the SPDC process occurs is 
selected by changing the angle of the BBO II crystal with respect to the central pump 
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direction. A dichroic mirror is used to remove the remaining fundamental and near-
degenerate entangled photon pairs are selected via an interference filter (IF) with 25-nm 
bandwidth centered at 800 nm.   
 
Figure IV.5. Experimental setup. Dichroic mirrors (DM) separate 
SHG from fundamental and entangled photons from SHG. 
Entangled photons are detected by avalanche photodiode (APD) 
single photon counting modules. Power references are provided by 
photodetectors (PD). Spatial profile images are obtained with an 
intensified ICCD camera (ICCD). A 50/50 nonpolarizing beam 
splitter (NPBS) is removed (replaced) for ETPA (polarization 
visibility) measurements. For visibility measurements, two 
polarizers (Pol) are inserted into the optical paths of each APD.   
Photon count rates are measured using silicon avalanche photodiode (APD) single-
photon counting modules (Perkin-Elmer SPCM-AQR-13). Single-photon count rates are 
measured by using the APD detectors individually. Coincidence count rates are measured 
by directing the signal and idler to separate APDs using a 50/50 nonpolarizing beam 
splitter (NPBS) cube. Coincidence counting is accomplished by a fast coincidence 






IV.3.4. Entangled Two-Photon Absorption 
ETPA measurements are based on the transmission-difference method. The excitation 
photon flux is varied by attenuating the fundamental with a continuously variable neutral-
density filter wheel. Film samples are centered in the focal plane of the sample telescope 
and are oriented perpendicular to the SPDC pump. A PEMA-co-MA film of comparable 
thickness to the sample films is placed in the sample holder and used as a blank to 
determine proper correction factors for background intensity and non-absorptive 
scattering in the film. The single count rates are measured as a function of pump power. 
The method for the ETPA experiments has been previously established [4, 5, 22].   
 
IV.3.5. Polarization Visibility 
Polarization visibility measurements to confirm entanglement quality are performed 
with a 50/50 non-polarizing beam splitter and two polarization analyzers (Pol) placed in 
the individual APD optical paths. Coincidence count-rates are recorded as a function of 
varying polarizer angle of Pol 2, while Pol 1 is fixed at 0° or 45° for H/V or A/D bases, 
respectively. Figure IV.6 shows the results of visibility measurements under H/V basis 
for the three phase-matching conditions. 
 
Figure IV.6. Visibility Measurements under H/V basis for non-





IV.3.6. Calculation of Approximate Change in Entanglement Time 
The travel time through the crystal is given by Te = DL, where D is the inverse group 
velocity and L is the crystal length. Relating Te to the difference in travel times for the 
signal and idler photons, the range of Te for the three phase-matching conditions may be 
calculated from the change in effective crystal length. The latter is calculated from the 
crystal angles for the spatially separated and non-collinear cases (27 mrad and 25 mrad, 
respectively) and is approximately 0.4 μm. Using a typical value for D in BBO (0.2 
ps/mm) [23], the range of Te is calculated as approximately 2108 −×  fs. 
 
IV.4. Conclusions 
These ETPA experiments demonstrate a way to control the amount of absorption of 
entangled photons by changing the spatial orientation of the SPDC emission pattern. We 
have shown that the ETPA cross-section of organic conjugated molecules decreases as 
the overlap of the signal and idler photons decreases, with an absence of absorption in the 
case where there is no overlap. Such a tunable absorption has the possibility for 
utilization in applications such as quantum imaging, sensing and communication.  
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Virtual States, Entangled Photons, and Organic Nonlinear Optical Sensors* 
 
Abstract 
The use of entangled light for the purposes of spectroscopy as well as applications 
such as sensing, quantum microscopy, and quantum lithography has been of great interest 
in recent years. The entangled two-photon absorption (ETPA) cross-section of a set of 
nonlinear optical materials, with known, and large, classical two-photon absorption 
(TPA) cross-sections, but of differing geometry, donor-acceptor strength, and charge-
transfer character, is evaluated in this work. Materials with classical TPA cross-sections 
attributed to virtual transitions involving an intermediate state are found to have 
measurable, and large, ETPA cross-sections. However, it is found that the materials 
whose (large) classical TPA cross-section is attributed to a dipole transition, without 
involvement of an intermediate state, are nearly transparent to entangled photons. From 
these results, it is shown that entangled photons are highly sensitive to the intermediate 
states of a nonlinear optical material. This result has great impact in applications 
involving quantum entanglement. 
 
  
                                                 
*  The work presented in this chapter has been submitted for publication as a peer-reviewed journal article 





Recently, there has been great interest in the potential benefits of using entangled 
rather than classical photons for spectroscopy as well as for quantum microscopy and 
quantum lithography applications. Entangled light is known to possess numerous 
advantages over classical light. Entangled two-photon absorption (ETPA) is known [1-3] 
to show a large advantage in absorption efficiency over classical two-photon absorption 
(TPA); spectroscopy can be accomplished using 107 entangled photons/s, as compared to 
1020 classical photons/s. ETPA is predicted [4, 5] to have a large enhancement in 
resolution over TPA.  
 Unlike classical TPA, which relies on sequential, and random, absorption of two 
photons, photon pairs generated by spontaneous parametric downconversion (SPDC) are 
used in entangled two-photon absorption experiments. Photon pairs created by SPDC are 
known [6, 7] to have a high degree of temporal and spatial correlation, manifested [8] in 
the temporal and spatial widths of the fourth-order coherence function, which are 
described by the entanglement time TE and entanglement area AE, respectively. The 
absorption rate of the material was shown [1, 2, 9, 10] to be linearly proportional to the 
input photon flux, as it depends on the probability of entangled photons generated within 
TE and AE arriving within the virtual state lifetime τ  and one photon absorption cross-
section σ .  
 Theoretical investigations of ETPA have been performed [11-13] on a number of 
relatively simple systems. Lissandrin et al. had conducted [12] investigations of the 
ETPA effect using sodium and K2CsSb. The ETPA cross-sections of these materials were 
found to be on the order of 10-30 cm2 and 10-25 cm2, respectively. The discrepancy 
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between these results and earlier results for atomic hydrogen [11] had been explained by 
the fact that, in the former case, the transition was not in resonance with the entangled 
photons. Kojima and Nguyen had demonstrated [13] the possibility of virtual state 
spectroscopy in their investigation of an OH radical system. They had calculated the 
energy spectrum as a function of detuning energy, allowing determination of the 
transitions that contribute to the ETPA cross-section of the material. 
 The first experimental observation of ETPA was made using a porphyrin 
dendrimer [1], in which an ETPA cross-section of ~10-17 cm2 was obtained using <107 
photons s-1. We had estimated the virtual state energy of the dendrimer by assuming the 
functional form given by Fei et al. [11] Since then, we have conducted [2] a systematic 
investigation of both entangled and classical TPA cross-sections of a set of thiophene 
dendrimers. We have found that the ETPA and TPA cross-sections followed identical 
trends with increasing dendrimer generation, demonstrating that, using entangled 
photons, spectroscopy could be performed on real materials using ten orders of 
magnitude fewer photons than conventional TPA methods. 
In the current work, we investigate the ETPA cross-sections of materials of varying 
architecture and donor-acceptor strength to further investigate the nature of the ETPA 
process. We find that certain materials do not absorb entangled photons, despite having 
large classical TPA cross-sections at the entangled photon wavelength. The common 
characteristic [14, 15] of the materials which do not exhibit ETPA is excited state charge 
transfer, in which the dominant absorption mechanism is a dipole transition which does 




V.2. Results and Discussion 
The entangled two-photon absorption rate, RE, is derived [9] from time-dependent 
second-order perturbation theory in terms of the second-order correlation function [16]. 
In theory, the ETPA effect is accompanied by a non-entangled or random TPA effect 
[10]. The overall TPA rate RE is thus expressed [1, 2, 11, 12] as the summation of the 
linear ETPA rate and the quadratic, random TPA rate:  
 2E E RR σ φ δ φ= + , (V.1) 
where Eσ  is the ETPA cross-section, Rδ is the random TPA cross-section, and φ  is 
the input photon flux density of photon pairs. The ETPA cross-section is reported to have 
dependence on the detuning energy between the entangled photon and the intermediate 
state, as well as on the intermediate state linewidth, and the transition matrix elements. 
For a system with ground, virtual, and excited state wavefunctions iΨ , jΨ , and kΨ , and 
under a simplified case of a monochromatic pump, Fei et al. [11] have shown that Eσ  can 
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where AE and TE are entanglement area and entanglement time, respectively, 0kω is the 
energy of the signal or idler photon, iε and fε are the energy of the initial and excited state, 
respectively, ( ),
j
k lD are the transition matrix elements, jκ is the virtual state linewidth, and
( )j





k l f k j j l iD d d= Ψ Ψ Ψ Ψ , (V.3) 
where kd and ld are the material electric-dipole moment components and , 1, 2k l =  for 
signal and idler photons, with the detuning energy ( )jkΔ is defined as: 
 ( ) 0jk j i kε ε ωΔ = − − . (V.4) 
From Eq. (V.2), it can be expected that either a large detuning energy or small 
coupling to the intermediate states is undesirable for the purposes of ETPA.  
We had shown [1] previously that a G3 porphyrin dendrimer was capable of 
absorbing entangled photons, and by varying the entanglement time TE, we were able to 
evaluate the virtual state energy by assuming the functional form given in Eq. (V.2). This 
virtual state energy was found [1] to be approximately 2000 cm-1 below that of an 800 nm 
photon (12,500 cm-1), which itself is ~2000 cm-1 below the 1Bu Qx state within the Q-band 
[17]. From quantum chemistry calculations performed [17] on the porphyrin H2TPP, it is 
known that a two-photon transition through the 1Bu Qx state is parity allowed, supporting  
 
Figure V.1. Depiction of entangled two-photon absorption 
experimental setup. Dichroic mirrors (DM) are used to separate 
second-harmonic from fundamental beam, and entangled photons 
from second-harmonic beam.  Photodetectors (PD) are used as a 
reference for fundamental and second-harmonic power, while an 
avalanche photodiode (APD) single-photon counting module detects 
entangled photons. An interference filter (IF) is used to select 











the theory advanced by Fei et al. [11] and Kojima and Nguyen [13] that ETPA requires 
involvement of the intermediate states. 
ETPA experiments were performed using the experimental configuration given in 
Figure V.1, which is discussed in greater detail within the Materials and Methods section 
of this chapter. Results of the ETPA measurements are shown in Figure V.2. From Eq. 
(V.1), it is expected that a plot of absorbed photon rate against input photon rate (which is 
proportional to flux) should have a linear contribution from ETPA, as well as a quadratic 
contribution from non-entangled photon absorption. In a previous experimental study [2], 
we had found that the cross-section calculated from the coefficient on the quadratic term 
exceeds the classical TPA cross-section by approximately 20 orders of magnitude, 
suggesting a non-classical effect, but scales with material in the same manner. This 
linear/quadratic character is observed in 90T, ZnTPP, bis-[18]annulene, 30-mer, and 
OM82C. Among the materials studied, T161 series as well as the stilbene derivative I, are 
found to not absorb entangled photons, despite their substantial classical TPACS. Initial 
solutions for T161 series, and the stilbene derivative I were initially prepared at 
approximately 40 µM concentration, however, no decrease in transmitted photon count 
rate (increase in absorbed photon count rate) was observed, even at very high (> 300 µM) 
concentration. In contrast to this, ZnTPP, with a ~20 GM classical TPA cross-section, 
exhibits strong ETPA at a ~200 µM concentration. ETPA cross-sections obtained from 
these data, as well as TPACS from the respective works, are reported in Table V.1. 
To interpret why some materials with a large classical TPACS do not appear to 
absorb entangled photons, the origin of the TPACS is explored. For a non-centro-




Figure V.2. Entangled two-photon absorption properties of 
nonlinear optical materials. The entangled two-photon absorption 
(ETPA) rate for solutions of a) ZnTPP, b) OM82C, c) 90T, d) 30-
mer, e) bis-[18]annulene, f) stilbene derivative I, g) T161B, h) 
T161D, plotted against input photon rate. Standard deviation is 
depicted in the bottom right corner of a). For the materials showing 
ETPA, a linear fit of the initial points of absorbed photon rate is 
shown with a solid blue line to demonstrate a non-zero derivative at 
zero i.e. the presence of linear component, while the best fit to Eq. 
(V.1) is shown with a dashed red line. Numbers in parentheses 
correspond to classical TPA cross-sections. 
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90T thiophene dendrimer 1200 5.9 
bis-[18]annulene 150 5.4 
30-mer thiophene macrocycle 20000 40 
Tetraphenylporphine, Zinc 20 8.0 
OM82C 370 2.6 
T161B 280 -- 
T161D 1040 -- 
Stilbene derivative I 300 -- 
Table V.1. Two-photon absorption cross-sections of materials 
investigated. TPA cross-sections reported are for 800 nm excitation, 
with 1 GM = 10-50 cm2 photon-1 s-1 molecule-1. 
intermediate state j, and final state f. From second-order perturbation theory, the two-
photon absorption cross-section (TPACS) Rδ  is given by [18]: 
 ( )( ) ( )( ) ( )
2
2R fj jg fg fg
jg




e e e ei i i i , (V.5) 
where abμ refers to the transition dipole moment between states a and b, e refers to the 
unit field polarization vector, ν is the laser excitation frequency (Hz), abν are the 
transition frequencies, fgμΔ is the difference in permanent dipole moment between final 
and ground states f and g, and ( )2g υ is the normalized TPA lineshape function (Hz-1). 
TPA results are typically interpreted [19-25] by one of two mechanisms, depending on 
the material, with the TPA rate increasing quadratically with photon flux [18], regardless 
of the mechanism. Two potential pathways for TPA are observed in the two terms within 
Equation V.5 and illustrated in Figure V.3. In the virtual pathway, given by the first term, 
an intermediate state (close to resonance with the photon) is involved, and the transition 
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dipole moments fjμ  and jgμ , as well as the detuning between the laser frequency and the 
intermediate state, are known to play an important role. Materials with moderate donor 
acceptor character, and without charge-transfer character, are described [23, 26-28] as 
absorbing through the virtual pathway. In the so-called dipole pathway, given by the 
second term, the intermediate state is bypassed entirely; ground and excited states are 
connected directly, and resonance between intermediate states and the laser is not a 
necessary condition for TPA. In the case of charge transfer materials, the contribution to 
the TPACS from the intermediate state terms is overshadowed by that occurring based on 
the difference between permanent dipole moments of the ground and excited states; the 
second term of Equation V.5 dominates, and the TPACS is explained [14, 19-25, 29-32] 
by the dipole pathway. This is known to occur when the intermediate states of the 
material are very far from resonance with the photons. 
 
Figure V.3. Simplified depiction of two-photon absorption 
pathways. Illustration of the virtual (left) and dipole (right) 
pathways of classical two-photon absorption. Final, intermediate, 
and ground states are denoted by f, j, and g, respectively. The 
transition dipole moment is represented as μ. Photon energies and 
transition dipole moments are represented by filled and hollow 
arrows, respectively. 
All materials in which we have observed ETPA were previously described [17, 26, 



















which an intermediate state is involved in the transition. Theoretical investigations have 
indicated [11-13, 36-38] an enhancement of the ETPA cross-section under conditions of 
near-resonance between entangled photons and an intermediate state. We have found that 
T161 series as well as the stilbene derivative I do not absorb entangled photons. Previous 
literature has suggested [14, 15] that these materials undergo a two-photon transition by 
the dipole mechanism, in which the substantial change in permanent dipole moment 
between ground and excited states allows a direct transition; coupling of the virtual or 
real intermediate states to the ground and final states, in part due to a large detuning 
energy between the photon and the intermediate state, is significantly less efficient than 
the dipole pathway. The stilbene derivative I was shown15 to have a 1Bu band at 20,600 
cm-1, which is approximately 8,000 cm-1 higher in energy than the entangled photons 
used in our experiment. From Equation V.2, the combination of a large detuning energy 
between the entangled photon and the 1Bu band of stilbene derivative I and a weak 
coupling to the intermediate state is expected to have a negative impact on the ETPA 
cross-section of this material, which leads to no measurable ETPA with our current 
source of entangled photons.  
 
V.3. Conclusions 
Entangled two-photon absorption (ETPA) experiments, with nearly-degenerate 
entangled photons of 800 nm wavelength, have been performed on a set of nonlinear 
optical materials including thiophene dendrimers, thiophene macrocycles, [18]annulenes, 
porphyrins, phenylamine-centered alkene and alkyne dendrimers, stilbenes, and nitrogen-
centered tolane dendrimers. Each of these materials is known [2, 3, 14, 17, 26, 29, 33, 35, 
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39, 40] to possess a moderate (10s of GM) to large (20,000 GM) classical TPACS. This 
current investigation has found that several materials, including stilbene derivative I, and 
the phenylamine-centered T161B and T161D, appear to not absorb entangled photons, 
despite having relatively large (130 GM to 1000 GM) classical TPACS for an 800nm 
excitation [14, 15]. According to previous publications, these materials undergo TPA 
through a direct transition [14, 15, 23], based on the large change in permanent dipole 
moment between ground and excited states. This mechanism does not require that virtual 
states be close to resonance with the photons. Indeed, in the case of bis(styryl) benzene 
derivative, the lowest energy intermediate state was calculated [15] to be approximately 
8000 cm-1 higher in energy than a single photon with 800 nm wavelength.  Other 
materials, such as ZnTPP, have been reported [35] to possess classical TPACS on the 
order of 20 GM, and yet do absorb entangled photons. In addition to this, the ETPA 
cross-sections, while scaling with TPA cross-sections for a given system, do not correlate 
when comparing different systems. That is, in the case of thiophene dendrimers 6T – 
90T, the ETPA cross-section has been shown [2] to scale with the TPA cross-section, 
however, the ETPA cross-section of ZnTPP is a factor of 1.4 larger than that of 90T, 
despite the TPA cross-section of ZnTPP being a factor of 60 smaller than that of 90T. 
While information regarding the intermediate states of ZnTPP has not been published, 
quantum chemistry calculations [17] have shown that H2TPP has a real intermediate state 
relatively close to the entangled photon energy, which is desirable for ETPA, as the 
detuning energy can be relatively small. Theoretical investigations [11-13] have predicted 
that intermediate states far from resonance with the entangled photon are not expected to 
contribute to the entangled two-photon absorption cross-section of a material. Our 
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investigation has provided experimental proof that intermediate states have an important 
role in the ETPA process. 
Our experiments were performed with nearly-degenerate photons at a wavelength 
centered at 800 nm, however, it may be possible to shift the entangled photon wavelength 
such that a real intermediate state is near resonance with these photons, and the material 
shifts from transparent to absorbing. This could have implications in imaging or 
lithography applications involving multiple types of absorbing materials. Alternatively, 
the ability of a NLO material to absorb non-entangled photons while being transparent to 
entangled photons could be useful for filtering applications. 
 
V.4. Materials and Methods 
The chromophore zinc tetraphenylporphine (ZnTPP) was obtained from Aldrich and 
used without further purification. Other NLO materials were obtained from collaborators, 
with details of synthesis and properties reported as follows : thiophene dendrimer 90T 
from reference 2, bis-[18]Annulene from references 3, 28, 41, 42, 30-mer thiophene 
macrocycle from reference 33, OM82C from references 26, 40, T161B and T161D from 
reference 14, and 4,4'-bis(N,N-di-n-butylamino)-E-stilbene (stilbene derivative I) from 
reference 29. All of these materials are known to have significant one-photon absorption 
around 400 nm, and negligible absorption at 800 nm. Solutions for ETPA measurements 
were prepared at concentrations between 20 and 300 μM, depending on their reported 
classical TPA cross-sections. T161 series, as well as 4,4'-bis(N,N-di-n-butylamino)-E-
stilbene, were initially prepared at a concentration of 40 μM, but the chromophore 
concentration was increased to nearly 400 μM based on negative experimental results.  
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ETPA measurements were performed using an equipment configuration previously 
published [1, 2] by our group. Briefly, sub-100 fs pulses, typically 14 nm FWHM 
centered at 800 nm with an 80 MHz repetition rate, from a mode-locked Ti:sapphire laser 
(Spectra-Physics MaiTai®) are frequency-doubled to produce a SHG beam at 400 nm. 
This SHG beam is then focused onto a 0.5 mm thickness β-barium borate (BBO II in 
Figure V.1) crystal designed for Type II SPDC. Within Type II SPDC, signal (o-ray) and 
idler (e-ray) photons are generated at orthogonal polarization. Down-converted photons 
are detected by silicon avalanche photodiode (APD) single photon counting modules 
(Perkin-Elmer SPCM-AQR-13). To vary the input flux, the fundamental beam is 
attenuated using a continuously variable neutral density filter wheel, with photodetectors 
(PD’s) serving as references for the input power. ETPA measurements are performed 
based on the transmission method, with appropriate corrections for background and 
scatter. Quartz cells, 0.4 cm path length, are used in liquid sample ETPA measurements. 
Using a polarizer set at H- or V-polarization, which blocks signal or idler photon, 
respectively, was found to result in zero absorption by the material. 
Two-photon absorbing materials investigated in this work were chosen based on 
chromophore, architecture, one-photon absorption wavelength, classical TPACS, and 
previous ETPA results. As we have reported [1] ETPA results for a G3 porphyrin 
dendrimer, the porphyrin ZnTPP is investigated to determine the effect of a non-
dendrimeric structure on ETPA. Similarly, we have previously investigated [2] thiophene 
dendrimers, so a 30-mer thiophene macrocycle is investigated as an alternate structure 
based on the thiophene chromophore. As [18]annulenes have also shown [3] evidence of 
ETPA, materials which have alternating alkyne and phenyl groups are investigated, in the 
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form of T161D and OM82C, which are both nitrogen-centered dendrimers. T161D is 
known [14] to have excited state charge transfer, while OM82C does not [26]. T161B and 
4,4'-bis(N,N-di-n-butylamino)-E-stilbene have alternating phenyl and alkene (rather than 
alkyne) groups, but are otherwise similar in structure to T161D, and also are known [14, 
15] to have excited state charge transfer. 
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Entangled Two-Photon Excited Fluorescence from an Organic Dendrimer 
 
Abstract 
We report the observation of fluorescence emission from an organic dendrimer 
subsequent to two-photon excitation by entangled pairs of photons. The entangled-pair 
flux utilized to excite two-photon transitions in our experiments constitutes 
approximately 10 orders of magnitude fewer photons than any classical counterpart 
requires. A novel, high geometric efficiency, spherically-enclosed optical collection 
system for collection of the resulting fluorescence photons is utilized to circumvent any 
drawbacks related to the low flux conditions under which experiments are carried out. 
These results have widespread impact in applications ranging from spectroscopy to 






Quantum entanglement has received a great deal of interest over the past several 
decades for a wide variety of applications and investigations ranging from the 
foundations of quantum mechanics [1-5] to implementations for quantum computation [6, 
7], information technology and communications [8, 9], and even biology [10]. 
Furthermore, entangled-state illumination is at the heart of several quantum imaging 
implementations [11-14], such as quantum optical coherence tomography [15] and 
quantum holography [16]. Applications such as background-free quantum ghost imaging 
have been both proposed theoretically and demonstrated experimentally [17-23]. These 
implementations offer performance advantages over their conventional optical 
counterparts that employ coherent light sources, which have traditionally been ascribed to 
the inherent quantum mechanical correlations between the photons that constitute a 
quantum entangled pair. 
The interaction of entangled states of light with matter has also received interest for 
applications such as quantum lithography [24], where fabrication of micro- and nano-
scale structures below the diffraction limit have been proposed [25-28], as well as for 
more fundamental investigations for spectroscopic purposes [29-33] and the development 
of remote sensing [34, 35]. The phenomenon of entangled two-photon absorption 
(ETPA), which had been theoretically predicted to exhibit interesting non-classical 
effects [36, 37], has been experimentally demonstrated in both atomic systems and small 
molecules [32], as well as a variety of macromolecular systems [38-42] using entangled 
pairs of photons that are generated via the process of spontaneous parametric down-
conversion (SPDC). The use of quantum entangled pairs of photons as the excitation 
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source for two-photon absorption in matter offers a unique advantage compared to its 
classical counterpart due to the linear, rather than quadratic, dependence of the absorption 
rate on the excitation intensity, which is dominant in the low excitation flux-density 
regime [36, 37]. This, in turn, enables spectroscopy to be done at extremely low 
excitation flux levels [41]. 
A particularly important field of research into which entangled states of light have 
been proposed could bring significant improvement is microscopy. Following the 
conception of the confocal microscope [43] and its combination with fluorescence 
imaging [44, 45], confocal laser scanning fluorescence microscopy (CLSM) has become 
a powerful tool of experimental research in a wide variety of fields, ranging from 
biological science disciplines including genetics and microbiology to clinical medicine 
[46]. However, CLSM is limited in its use of excitation photons because it relies on near-
resonant excitation of fluorophores in a sample, which leads to absorption throughout a 
specimen of interest but “useful” light is obtained only from a thin slice around the focal 
plane of the objective lens. Further, the detector aperture utilized in CLSM rejects all out-
of-focus light, which means only a small portion of the fluorescence photons – those that 
exit the specimen without undergoing any scattering – can contribute to the signal. As a 
result, a high flux of excitation photons is generally necessary in CLSM to compensate 
for signal loss, which limits the practical operation of this technique due to 
photobleaching and photodynamic damage to the specimen of interest [45, 47]. These 
drawbacks of CLSM are partially overcome by the use of multiphoton absorption to 
mediate excitation in laser scanning microscopy. In two-photon laser scanning 
fluorescence microscopy (TPLSM), two photons that coincidentally arrive at a 
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fluorophore are absorbed simultaneously and the resulting emission of a fluorescence 
photon is detected [46]. Because the two-photon absorption process (TPA) is dependent 
on the accidental coincidence of two excitation photons, the absorption rate, and hence 
the resulting rate of fluorescence emission, exhibits a strong quadratic dependence on the 
excitation photon-flux and excitation is highly confined to the focal point of the objective 
lens, where the intensity is highest [46, 48, 49]. This, in turn, limits the emission of out-
of-focus fluorescence photons, reducing background intensity and enhancing transverse 
resolution [46, 50]. However, due to the purely random arrival times of photons and the 
low probability of TPA events [51], TPLSM requires a relatively high flux of excitation 
photons to generate a viable signal, which often necessitates the use of mode-locked laser 
sources to provide a sufficiently large peak excitation photon-flux density. This 
requirement further exacerbates photodamage and photobleaching in the specimen [52, 
53]. 
In order to overcome these limitations of TPLSM, several schemes of entangled-
photon fluorescence microscopy (EPM) have been proposed and patented [50, 54-56] in 
recent years, all of which aim to take advantage of the particular manner in which 
entangled states of light interact with matter, as discussed above. Utilizing entangled 
pairs of photons for excitation in microscopy applications like TPLSM offers a unique 
solution to the high excitation flux requirement due to the extremely low flux levels at 
which ETPA can be achieved in organic systems [41]. Further, because the ETPA 
process still requires the simultaneous absorption of a pair of entangled photons, the 
resolution enhancements of TPLSM that are attributed to confinement of the excitation 
photons are preserved. However, despite the operational advantages and the proposition 
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of many conceptual and theoretical prospects for such application of entangled photon 
pair excitation in microscopy, experimental implementations of this concept have yet to 
be realized. The primary obstacle in the way of the realization of practical entangled 
photon fluorescence microscopy is the absence of a successful proof-of-concept 
experiment wherein fluorescence emission from a sample due to two-photon excitation 
by entangled pairs of photons is observed. The difficulty of this demonstration stems 
from the low flux levels at which the entangled two-photon excited fluorescence 
experiments (ETPEF) are carried out, where traditional fluorescence detection schemes 
fall short due to the prohibitively low number of fluorescence photons that are expected 
to be emitted from a useful sample such as an organic chromophore. To the authors’ 
knowledge, ETPEF from any material has not been demonstrated to date. 
 In this chapter, we present the results of an experimental investigation where we 
have observed fluorescence emission from an organic dendrimer subsequent to excitation 
by entangled pairs of photons that are generated via the process of spontaneous 
parametric down-conversion (SPDC). This first demonstration of ETPEF from an organic 
dendrimer is realized by utilizing a high geometric efficiency optical light collection 
assembly that was designed specifically to overcome difficulties associated with the low 
flux levels at which experiments are carried out, allowing the collection of fluorescence 
photons for detection with maximum efficiency. We present fluorescence quantum yield 
information about the organic dendrimer that is extracted from the fluorescence emission 
and ETPA rates in the sample, which we have found to agree well with values that have 
previously been published in literature. This experimental demonstration of ETPEF from 
an organic dendrimer is an enabling discovery for the realization of quantum microscopy 
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schemes such as EPM, and has widespread impact on a wide range of applications 
ranging from spectroscopy to chemical and biological sensing, as well as imaging and 
microscopy. The following section describes our experimental conditions, which will be 
followed by a detailed discussion of the design criteria of the optical collection assembly 
that is utilized in ETPEF experiments, followed by a discussion of our experimental 
findings, and finally concluding remarks. 
 
VI.2. Experimental Methodology 
ETPA measurements are carried out using an experimental configuration that has 
previously been developed by our group [38, 41, 42]. As illustrated in Figure VI.1, after 
modification to include a custom-designed high geometric efficiency optical collection 
assembly (OCA), ETPA and ETPEF measurements are carried out simultaneously in this 
experimental setup. 
 
Figure VI.1. Schematic representation of our experimental set-up. 
PD are photodetectors used to monitor fundamental and second 
harmonic pump power, DM denote dichroic mirrors utilized for 
spectral selection, IF is a narrow-band interference filter, and OCA 
is a high geometric efficiency optical collection assembly. 
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Briefly, the second-harmonic of a femtosecond Ti:sapphire laser system is utilized as 
a pump source for the generation of entangled pairs of photons in free space via the 
process of spontaneous parametric down-conversion, which are utilized as the entangled 
two-photon excitation source for ETPA and ETPEF measurements. The Spectra-Physics 
MAITAI® laser system delivers a fundamental beam in sub-100 fs pulses with a 
repetition rate of 80 MHz centered at 800 nm wavelength, which are frequency-doubled 
by focusing onto a 1-mm thick β-Barium Borate (BBO1) nonlinear crystal. The 400-nm 
light is subsequently collimated into a spot size of ~2-mm diameter and separated from 
the redundant fundamental by means of a dichroic mirror (DM), followed by a Brewster-
angled prism. After passing through a blue filter (BF) to minimize background intensity, 
the 400-nm pump is focused onto the input surface of a second BBO crystal for 
generation of SPDC photons. In our experiments, we utilize a BBO crystal of 0.5-mm 
thickness (BBO2) that is cut for type-II SPDC at φ=42° with respect to the center pump 
direction, and is capable of generating ~1.5×107 down-converted pairs per second under 
optimized conditions. The crystal is tilted slightly to achieve collinear phase-matching. 
The entangled photon pairs generated via the SPDC process are characteristically emitted 
into two cones, which are collimated into a parallel beam by a subsequent 6-cm focal 
length lens. The remaining pump beam is then removed by means of another dichroic 
mirror (DM), and the SPDC photons are further selected around the degenerate 
wavelength by a narrow band-pass spectral filter (IF) with 25-nm bandwidth centered at 
800 nm. Down-converted photons are then focused onto and detected by a silicon 
avalanche photodiode (APD) single-photon counting module (Perkin-Elmer SPCM-
AQR-13), which has a detection efficiency of ~ 56%, at 800 nm. A neutral-density filter 
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wheel with variable transmittance (NDF) just after the laser system is used to vary power 
admitted into the rest of the setup, which controls the entangled excitation flux utilized in 
experiments, and photodetectors (PD) serve as references for the input power. 
ETPA experiments are performed based on the transmission method, wherein 
transmitted count-rates are measured as a function of varying excitation flux through a 
“blank” solvent and a solution of the sample of interest within the same solvent, which 
are positioned perpendicular to the excitation path at the focal plane of a focusing-
collimating lens-pair telescope. Quartz cells of 1.0-cm path-length are used to contain the 
liquid samples. The calculated difference between the transmitted count-rates through the 
blank and the sample constitutes the absorption rate of the material of interest. With 
application of appropriate corrections for background and scatter, this experimental 
method has previously been shown to be an effective technique in evaluating the ETPA 
cross-section of materials [38, 41, 42]. 
 
Figure VI.2. Detail view of the ETPEF experimental scheme, 
illustrating the operational principle of the optical collection 
assembly. Mirror1 denotes the hemispherical mirror and the 
spherical cap mirror is designated as Mirror2. 
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ETPEF measurements are carried out in tandem with ETPA measurements through 
the use of an optical collection assembly (OCA) that was designed and manufactured by 
single-point diamond turning specifically for high geometric efficiency collection of 
fluorescent light from a sample that is placed at the assembly center. The detail schematic 
given in Figure VI.2 illustrates the operating principle of the OCA. The assembly consists 
of a hemispherical mirror and a spherical cap mirror whose optical apertures are matched 
such that the assembly forms a spherically-enclosed reflecting surface with ports that 
have been cut open to allow entry and exit of the entangled excitation light, insertion of 
the quartz cell containing the blank or the solution of the sample of interest, and finally a 
port to output light that is collected within the assembly. The hemispherical surface is 
centered on the sample of interest such that all light that is emitted within the assembly 
will originate from or near the center of curvature of this mirror. The radius of curvature 
of the spherical cap mirror has been chosen such that light originating from the center of 
the hemispherical mirror is reflected toward the output port by the spherical cap. The 
reflective surfaces of the assembly have a protected Ag coating to maximize reflectivity 
in the visible spectrum. In this arrangement, the overall geometric collection efficiency of 
the OCA exceeds 75% and the assembly has a magnification factor approximately equal 
to -2.34. Please refer to the Design Criteria section of this chapter for a detailed 
discussion of the design of the OCA. Also, Appendix B illustrates the full specifications 
and technical drawings that were used in the manufacture of the OCA. A collimating lens 
that is positioned one focal length away from the output port of the assembly directs 
collected light toward an intensified CCD camera (Princeton Instruments PI-
MAX2:1003UNIGEN2), which acts as a large area detector with a detection efficiency   
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~ 15% in the visible spectrum. An optical “notch” filter (NF) with a transparency window 
of 350-600 nm is placed in the path of the detector to avoid false detections due to 
scattered excitation light. In performing ETPEF measurements, we take advantage of the 
math functions built into the software that controls the CCD camera to apply appropriate 
corrections for background intensity and multiple exposures of collected fluorescent light 
are allowed to accumulate for each image acquisition at varying input fluxes of the 
entangled excitation beam. The images are then integrated and processed individually to 
extract fluorescence count-rates as a function of entangled excitation flux. Figure VI.3 
below illustrates several such raw images that were acquired at low-, intermediate-, and 
high-flux levels for a typical fluorescence collection experiment. 
 
Figure VI.3. Raw image acquisitions for a typical ETPEF 
experiment. Images shown were acquired at net entangled excitation 
incidence rates of 2.326×106 photons·sec-1 for the low-flux (a), 
6.185×106 photons·sec-1 for the intermediate-flux (b), and 1.383×107 
photons·sec-1 for the high-flux (c) images. 
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VI.3. Design Criteria for Optical Collection Assembly 
 In this section, we will discuss in further detail the optical techniques utilized in 
collection of fluorescent light and emphasize the distinctions of the custom-designed 
optical apparatus that is utilized in entangled two-photon excited fluorescence 
characterization experiments. The sub-section below will introduce the fundamental 
shortcomings of conventional collection methodology for fluorescence collection, 
followed by a detailed description and derivation of how the custom-designed OCA we 
utilize overcomes these drawbacks. 
VI.3.1. Conventional Fluorescence Collection Methodology 
 A typical experimental setup for collection and characterization of fluorescent light 
from a sample is illustrated in Fig. VI.4 below. 
 
Figure VI.4. Optical schematic of a conventional fluorescence 
collection system. 
Because fluorescent light from the sample is emitted with equal probability in every 
direction along the solid angle, the efficiency of light collection depends solely on the 
geometric and electronic parameters of the optical and detection equipment utilized. The 










fluorescent light is collected, compared to the complete solid angle over which it is 
emitted. Fig VI.5 below illustrates these geometrical concerns. 
 
Figure VI.5. Schematic diagram depicting fluorescent light that is 
optically collected by a conventional detection scheme. Only a small 
portion of the available fluorescence is directed to the detector. 
 Using commercially available optical components of 2” optical aperture and 25 mm 








= =  (VI.1) 
where r is the radius of the optical aperture of the lens and f denotes the focal length. 
With the specifications given above, the best geometric collection efficiency that can be 
achieved with commercially available optical components is ~ 25%. Note that this is a 
purely geometric calculation; a real system will further suffer from optical losses due to 
surface reflections. A realistic estimate for the real collection of such a system is ~ 15%. 
VI.3.2. Optical Collection Assembly 
 In order to increase the geometric efficiency of light collection, it is necessary to 
increase the solid angle over which light is collected. The ideal solution would redirect all 
light emitted from a sample of interest in all directions toward a detecting surface. 
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 The fluorescence collection optical assembly consists of two hemispherical mirrors 
whose openings cross-sectional areas are matched such that the assembly forms a 
spherically-enclosed reflecting surface. Under these conditions, the only geometric losses 
are due to ports that need to be cut into the reflecting surface in order to allow entry and 
exit of excitation light and a port for insertion of a sample of interest. Fig. VI.6 below 
illustrates the operating principle of this assembly. 
 
Figure VI.6. Schematic depiction of the operational principles of 
the optical collection assembly. 
 The complete hemispherical surface, labeled mirror1, is centered on the sample of 
interest such that all light that is emitted within the assembly will originate from or near 
the center of curvature of this mirror. The second half of the assembly, designated 
mirror2, is less than a complete hemisphere; a spherical cap spanning a cross-sectional 
angle of 2θ, which has a longer radius of curvature than mirror1. In this arrangement, the 
sole purpose of mirror1 is to reflect all light that originates near its center back to the 
same region, where the sample of interest lies. Due to the offset arrangement of the 
mirrors, the image formed from light that is incident upon the surface of mirror2 from the 
center of mirror1 will be located again on the surface of mirror1, where a port is cut open 















Figure VI.7. Schematic diagram of the optical collection assembly. 
 The general physical constraints for the OCA are illustrated in Fig. VI.7. Following 
the illustration, we write the object distance to mirror2 as 
  2 2 coss R R θ= − , (VI.2) 
where R2 is the radius of curvature of mirror2 and θ is the cross-sectional half-angle of 
span. We require that the image formed lie on the surface of mirror1, such that the image 
distance is given by 
  1 1 2 2 cosi s R R R R θ= + = + − , (VI.3) 
where R1 is the radius of curvature of mirror1. It is also required that the cross-sectional 
areas of the mirror faces match each other exactly, which allows the relation of the radii 
of curvature of the two mirrors; 
  1 2 sinR R θ= . (VI.4) 
Using this relationship, the object and image distances to mirror2 can be re-written as 
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. (VI.6) 
The object and image distances need to satisfy the Gaussian mirror equation; 
  1 1 1
s i f
+ = , (VI.7) 
where f is the focal length of mirror2, and is equal to half of it radius of curvature, 
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At this point, it is interesting to note that because the cross-sectional areas of the mirror 
faces were constrained to match each other exactly, the dependence on the radii of 
curvature of either of the mirrors vanishes completely from the Gaussian mirror equation. 
The resulting equation is a function of only one variable, θ, the cross-sectional solid angle 
spanned by mirror2. Thus, Eq. VI.9 can be re-written as 
  1 1 2




Expanding the denominators of both terms in Eq. VI.10 and simplifying, we obtain 
  22cos 2cos sin 2sin cos 0θ θ θ θ θ− + − = . (VI.11) 
Eq. VI.11 has only one real and positive root at 1.28013rad 73.34605θ= = , and the 
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 As a result of the negative magnification, the image that is formed on the detector 
plane is inverted with respect to the fluorescent source, and magnified to more than twice 
its original size. This design constraint necessitates the use of a large-area detector such 
as the intensified CCD array utilized in our experiments. 
 
VI.4. Results and Discussion 
The two-photon absorbing material investigated in this report, illustrated in Figure 
VI.8(a), is a large conjugated dendrimer based on rigid tolane linear building blocks 
connected through nitrogen branching centers, and is designated OM82C [57]. The 
classical and entangled two-photon response of this material was investigated previously 
by our group, which was found to be satisfactory. The classical TPA cross-section was 
reported as 370 GM (1 GM = 10-50 cm2 photon-1 sec-1 molecule-1), and the ETPA cross-
section was found to be 2.6×10-18 cm2 molecule-1. The details of this experiment were 
presented in chapter V and will be published elsewhere [58]. In addition to its favorable 
ETPA response, the OM82C dendrimer was chosen based on its high fluorescence 
quantum yield, reported to be ~ 74% [57]. The steady-state absorption spectrum of the 
OM82C dendrimer is given in Figure VI.8(b). Note that the 800 nm wavelength of the 
entangled photon pairs used to excite the dendrimer is far from any one-photon 
resonances. As can be seen from the steady-state emission spectrum of OM82C, given in 
Figure VI.8(c), the main emission peak lies at 427 nm, which is well within the 




Figure VI.8. Molecular structure (a) of the OM82C dendrimer that 
is investigated in ETPA and ETPEF experiments. The normalized 
steady-state absorption spectrum of OM82C is plotted against an 
extended wavelength range in (b) to illustrate the negligible one-
photon response of the material at the entangled excitation 
wavelength of 800 nm. Both normalized steady-state absorption 
(solid line, left axis), and emission spectra (dashed line, right axis) 
are plotted in panel (c). 
In order to verify that the OM82C dendrimer is a suitable entangled two-photon 
absorber for use in ETPEF measurements, ETPA measurements were carried out under 
conditions described in the Experimental Methodology section. An approximately    
11.08 μM solution of the dendrimer was prepared in a 1-cm quartz cell, which exhibited 
an absorbance of ~ 1.537 near the absorption maximum wavelength of 387 nm, and             
~ 1.058×10-3 at the entangled excitation wavelength of 800 nm. The one-photon linear 
absorption cross-sections of the dendrimer at the absorption peak and at 800 nm are 
calculated as ~5.762×10-6 cm2 molecule-1 and ~3.965×10-22 cm2 molecule-1, respectively. 
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Shown in Figure VI.9 is the plot of normalized absorbed photon rate as a function of 
net excitation photon rate for the OM82C dendrimer, which illustrates a typical trace that 
is obtained from ETPA measurements on the OM82C dendrimer solution under the 
experimental conditions that were described earlier. The dependence of the absorption 
rate on the excitation photon flux-density clearly exhibits the bi-modal behavior that is 
expected [37] for entangled-pair excitation, where a linear dependence that is ascribed to 
the ETPA process is observed for low flux-densities, and a quadratic dependence 
becomes dominant after a critical flux-density of ~ 2.26×106 cps. The ETPA cross-
section of the OM82C dendrimer was extracted from the linear component of the 
absorption rate and was found to be ~ 2.03×10-18 cm2 molecule-1, which agrees well with 
our previous findings [58]. The ETPA cross-section is two orders of magnitude lower 
than the peak one-photon linear absorption cross-section of the molecule. 
 
Figure VI.9. Entangled two-photon absorption properties of 
OM82C dendrimer solution. The entangled two-photon absorption 
(ETPA) rate is plotted against input photon rate. The linear fit of the 
initial data points of absorbed photon rate is shown with a dashed 
blue line to demonstrate the presence of the linear component, while 
the best fit to a second order polynomial function is shown with a 
solid red line. 
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ETPEF experiments were carried out by allowing the intensified CCD camera to 
capture 25 accumulations of 2 sec each while the sample was exposed to various 
excitation flux levels, resulting in a 50-sec exposure time per data point. The resulting 
images were first integrated to obtain the total number of photons that were detected for 
each acquisition, and then compared to a “dark” image that was captured in the absence 
of excitation flux. The differences between exposed images and the dark image were then 
corrected for the detection efficiency of the intensified CCD camera at 427 nm, the 
transmittance of the collection lens, and notch filter to give the collected fluorescence rate 
as a function of entangled excitation rate. Figure VI.10 shows the results of these 
experiments. Note that the dependence of the fluorescence count-rate on the excitation 
rate parallels that of the absorption rate given in Figure VI.9. 
 
Figure VI.10. Entangled two-photon excited fluorescence properties 
of OM82C dendrimer solution. The collected fluorescence photon 
rate is plotted against input photon rate. The best fit to a second 
order polynomial function is shown with a solid red line and the 
linear component of the best fit function is plotted in a dashed blue 
line. The low-flux regime where the fluorescence rate is expected to 
depend linearly on the excitation flux cannot be resolved due to the 
constant background intensity, depicted as a green dash-dot line. 
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In order to test the effectiveness of the notch filter and to ensure that the results 
obtained from ETPEF experiments are not mired by false detections due to scattered 
excitation photons, control experiments were carried out wherein a strong scattering 
sample was exposed to varying levels of entangled excitation flux and count-rates of 
photons collected by the OCA, both with and without the notch filter in place, were 
measured using a procedure that is identical to the ETPEF measurements. The purely 
scattering sample solution was prepared by dispersing chalk dust into DI-water, which 
resulted in an optical density of ~ 1.203 in a 1-cm quartz cell. We observed that in the 
absence of the notch filter, the photon count-rates collected by the OCA exhibited a 
purely linear dependence on the excitation flux, as is expected for a scattering medium. 
Upon insertion of the notch filter in the photon collection path, the linear dependence was 
observed to diminish completely, and a constant “background” level of photon count-
rates were measured at ~ 6×103 photons·sec-1, which was found to be independent of the 
excitation flux. This level of background intensity is higher than that measured for the 
APD single-photon counting modules (~ 500 photons·sec-1), but is consistent with the 
larger detection area, wider dynamic range, and sensitivity of the intensified CCD camera 
that is used for detection of photons collected by the OCA, and the control experiments 
confirm that scattering events do not affect the collection and accurate measurement of 
fluorescence count-rates in our experimental setup. As a trade-off, however, the constant 
level of background noise obscures the low range of excitation flux-densities in our setup. 
As a measure of confidence for the results obtained from ETPEF experiments, the 
fluorescence quantum yield of the OM82C dendrimer was extracted from the ETPEF and 




Figure VI.11. Empirical fluorescence quantum yield calculation for 
the OM82C dendrimer that is extracted from ETPA and ETPEF 
data. The ratio of collected fluorescence count-rate to absorption rate 
is plotted as a function of excitation flux, which yields the empirical 
fluorescence quantum yield of the sample after application of 
appropriate corrections, depicted in the inset. The best fit to a 
constant value of the high excitation flux data points are plotted as 
solid red lines. The fluorescence quantum yield of the OM82C 
dendrimer is calculated to be ~ 63%. 
efficiency and surface reflectivity of the OCA, the ratio of fluorescence count-rate to 
absorption rate as a function of entangled excitation rate was calculated. Shown in Figure 
VI.11 is a plot of this ratio at varying excitation rates, where the inset isolates data points 
in the higher-flux range that are less affected by measurement noise compared to the low-
flux range data. As can be seen from the inset of Figure VI.11, the empirical value of the 
fluorescence quantum yield of the OM82C dendrimer, extracted from ETPEF 
measurements is ~ 63%, while the value reported in literature is 74% [57]. This is a good 
agreement between the empirical value calculated here and the published value of the 
fluorescence quantum yield, considering the various sources of experimental error that 
could have contributed to the difference, such as optical losses due to aperture size and 
alignment imperfections. The strongest contribution to the error in the empirical value is 
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attributable to re-absorption of fluorescence light in the sample; as illustrated in Figures 
VI.8(b) and VI.8(c), there is appreciable overlap between the steady-state absorption and 
emission spectra of the OM82C dendrimer which, combined with the fact that the 
hemispherical portion of the OCA reflects emitted fluorescence photons back toward the 
sample, results in a small portion of fluorescence photons that are emitted from the 
sample being re-absorbed. 
As a consequence of the observed agreement between the empirically calculated 
fluorescence quantum yield of the OM82C dendrimer with values previously published in 
literature, the similar excitation flux-density dependences of the ETPA measurement 
results and fluorescence collection experiments, and the exclusion of scattering effects, 
we ascribe the fluorescence count-rate that is observed in ETPEF experiments to 
emission subsequent to excitation by entangled pairs of photons. Further, it is important 
to note that the data presented in Figure VI.10 has not been corrected for the geometric 
collection efficiency of the OCA, and that the maximum collected fluorescence count-
rate is on the order of 104 cps, despite the use of a relatively high quantum yield material 
such as OM82C. The practical acquisition of these results would not have been possible 
without the use of the OCA. 
 
VI.5. Conclusions 
 We have accomplished the first ever demonstration of fluorescence emission from 
an organic dendrimer subsequent to excitation by entangled pairs of photons. Processes 
related to scattering of excitation photons were expressly eliminated as a possible source 
of the observed emission, and the entangled two-photon excited fluorescence was 
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observed to exhibit similar excitation flux-rate dependence to entangled two-photon 
absorption in the dendrimer material. Furthermore, an empirical value for the 
fluorescence quantum yield of the dendrimer system that is extracted from the ETPEF 
experiments was found to agree well with values reported in literature. 
Accordingly, under optimized experimental conditions wherein a maximum 
entangled excitation rate on the order of 1.4×107 photons·sec-1 is utilized, using an 
approximately 11 μM solution of the OM82C dendrimer that exhibits an absorbance of 
1.537 at 387 nm in a 0.4-cm path-length quartz cell, with individual image acquisitions 
configured to accumulate 25 exposures of 2 seconds each, we were able to observe a 
maximum fluorescence rate of 3.26×104 photons·sec-1 from the sample of interest. 
In addition, the experimental demonstration of ETPEF was carried out using an 
excitation flux that is on the order of 1012 photons·cm-2, which is approximately 10 orders 
of magnitude lower than the flux levels required for any classical counterpart of this 
experiment. The ability to characterize fluorescence from a fluorophore at such low 
levels of excitation flux and utilizing a two-photon process has significant impact on the 
field of fluorescence microscopy because the demonstration of ETPEF from an organic 
dendrimer system is an enabling discovery for applications that improve upon two-
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Summary and Conclusions 
 
In this dissertation, I have focused on the practical application of quantum 
entanglement which, as a novel non-classical resource, has already had significant impact 
on a variety of avenues of research ranging from fundamental investigations of the 
foundations of quantum mechanics to the very practical novel techniques of optical 
materials characterization. I have concentrated my efforts on application of quantum 
entanglement to fundamental spectroscopy, experimentally investigating the interesting 
non-classical manner in which entangled pairs of photons interact with matter. 
Specifically, the two-photon absorption (TPA) of entangled pairs of photons that are 
generated by the process of spontaneous parametric down-conversion in organic dendritic 
molecules has been the primary subject matter of our experimental efforts. The question 
of what precise mechanism of interaction is responsible for the entangled two-photon 
response in materials is one that remains unanswered to date. However, the findings of 
our experimental investigations have contributed significantly to building a complete 
understanding of this scarcely researched phenomenon, while expanding on the well-
established knowledgebase on the techniques of entangled photon-pair generation. Our 
group has pioneered the research of the entangled two-photon absorption (ETPA) 
phenomenon, opening up brand new venues of research into quantum optical 
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spectroscopy applications, and enabling an exciting new branch of quantum optical 
microscopy by demonstrating fluorescence emission subsequent to entangled photon-pair 
excitation in an organic dendrimer. 
The research of fundamental quantum mechanical correlations between entangled 
pairs of photons is already a well-established field, where the general theoretical aspects 
and practical operational consideration of entangled photon pair sources, such as 
spontaneous parametric down-conversion (SPDC), are thoroughly studied. Despite the 
profuse collection of research that was already available in this field, in our efforts to 
obtain the optimum flux of entangled photon pairs for use in spectroscopy applications, I 
was able to identify a partial deficiency in the understanding of the behavior of the 
spontaneous parametric down-conversion process under focused pumping conditions. I 
was able to show that a pump beam that is focused into higher intensities under constant 
divergence can enhance the down-conversion efficiency and brightness of the SPDC 
entangled photon source utilized in our experiments. Although our results were in 
conflict with previous theoretical investigations that reported unchanged or reduced 
efficiency under such pumping conditions, by adopting a spherical-like description for 
the pump field, I was able to develop a theoretical model to help explain the discrepancy 
between the well-established theoretical predictions and our experimental results. 
Accordingly, the entangled photon source that is utilized in our experiments is capable of 
generating ~ 107 entangled photon pairs/sec, which is among the highest brightness 
sources reported in literature. 
Furthermore, by systematically investigating a series of generations of a thiophene 
dendrimer, I was able to establish organic dendritic systems as viable and affective 
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sensors of entangled photons, which have applications in imaging of biological systems 
and remote sensing. A linear dependence of the absorption rate on excitation flux, which 
is a signature of the ETPA phenomenon, was demonstrated with every generation of 
thiophene dendrimers that was investigated in this study for samples that were prepared 
both in solution and as a thin film, with measured ETPA cross-sections on the order of 
10-9-10-7 cm2 molecule-1. Moreover, I was able to show that trends in the non-linear 
absorption cross-sections measured by the well-established two-photon excited 
fluorescence (TPEF) technique were matched by those measured by ETPA, despite the 
fact that approximately ten orders of magnitude fewer photons were required in the 
entangled measurements. 
Expanding on the demonstrations of ETPA in various organic systems, I also in 
investigated mechanisms to control the ETPA process through control of the quantum 
entangled state in which the entangled excitation photons are emitted from the source. By 
selecting a set of distinct phase-matching conditions, through which I can control the 
spatio-temporal characteristics of the SPDC emission, I demonstrated that the patterns in 
which entangled photon pairs are emitted from the SPDC source offer a method to either 
enhance or limit the degree of entangled photon absorption in an organic material, where 
one of the investigated conditions behaved in a manner unlike the others. In trying to 
determine the source of this dissimilarity, I found that the widely-accepted benchmarks of 
entanglement quality for entangled photon sources such as polarization visibilities, 
entanglement time, and entanglement area did not vary significantly with the SPDC 
phase-matching conditions that I studied. As a result, I have suggested that the ETPA 
process in organic dendritic systems is sensitive to various entanglement parameters, and 
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entanglement time and area alone, which make up the parameters that are traditionally 
considered to be the sole parameters of importance, are insufficient in determining the 
character of a material. I observed that the ETPA cross-section of the organic conjugated 
Annulene systems that were investigated in this study decreased as the overlap of the 
signal and idler photons decreased, with an absence of absorption in the case where there 
is no spatial overlap. These results suggested the possibility of “tuning” the absorption 
response of these organic materials for utilization in quantum optical applications. 
Moreover, in an attempt to better understand the material considerations that affect 
ETPA in organic systems, I investigated the ETPA response of a wide range of organic 
dendritic materials with known, and large, classical TPA response, but of differing 
geometry, donor-acceptor strength, and charge-transfer character. Our investigation 
found that materials with classical TPA cross-sections attributed to virtual transitions 
involving an intermediate state exhibited measurable and large ETPA responses, but 
materials whose classical TPA cross-section is attributed to a dipole transition, without 
involvement of an intermediate state, were nearly transparent to entangled photons. From 
these results, I suggested that entangled photons are sensitive to the intermediate states of 
a nonlinear optical material. 
Finally, I was able to accomplish the first ever demonstration of entangled two-
photon excited fluorescence (ETPEF) emission from an organic dendrimer by utilizing a 
high geometric efficiency optical fluorescence collection system that was specifically 
designed for the task. Upon elimination of processes that could generate false detections, 
I was able to show that the collected ETPEF rate exhibited a similar dependence on the 
excitation flux as the ETPA rate in the dendrimer material. Furthermore, an empirical 
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value for the fluorescence quantum yield of the dendrimer that was extracted from 
ETPEF and ETPA measurements was found to agree with the value reported in literature, 
despite the fact that the ETPEF experiments were carried out at extremely low excitation 
fluxes, on the order of 1012 photons cm-2. 
The ability to do spectroscopy at low excitation flux levels is an important 
development in the area of spectroscopy, materials, and sensing. This, combined with the 
ability to characterize fluorescence from an organic chromophore at such low light levels 
while utilizing a two-photon process has significant impact in various fields where 
photobleaching in and photodamage to a specimen is a concern, such as microscopy. The 
demonstration of ETPEF and ETPA organic materials is an enabling discovery for 







Probability of Entangled Pair Creation in the Process of SPDC 
 
 We begin by considering a crystal in the form of M regularly arranged, fixed, non-
interacting molecules. It is assumed that the size of each molecule is considerably smaller 
than the wavelength, such that a dipole approximation is applicable for interactions 
between molecules and electromagnetic fields. 
 In order to utilize Fermi’s golden rule to describe the rate of biphoton creation, we 
shall define the initial i  and final f  states of the system as such: 
 Let all molecules be in the ground state 
j
a  and the field contain sN , iN , pN  
photons in the modes sk , ik , pk  at the initial time 
  ',,, iaNNNai pis ≡= . (A.1) 
 Accordingly, the final state of the parametric system is 
  '1,1,1, faNNNaf pis ≡−++= . (A.2) 
Note that the transition results in the crystal returning to its initial state and only the field 
undergoes change because this process is parametric (a coherent transition). 
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and the summation over the intermediate virtual states 1v  and 2v  includes all possible 
transition “paths.” It is assumed that no intermediate resonances take place, so the 
denominator of the above transition matrix is free of imaginary terms. 
 It is now necessary to consider various transition paths. For instance, the j th 
molecule may first emit a photon into the sk  mode and cross into the excited state jb . 
This process would be described by the matrix element 
  ( )1 1V 1, , ' 's j j j s j jba j sv i N b N a v i
−=− + ⋅ =− ⋅d E d E , (A.5) 
where )(−sjE  refers to the negative-frequency part of the unperturbed analytical field, 
which contains only creation operators †sa . Since the convolution of crystal and field 
states can be separated without loss of generality, the transition dipole matrix element 
ab jbaj dd =  has absorbed initial and intermediate crystal states and the primed 
indices of the states refer to states of the field only. Thus, the first step of the path under 
consideration gives the factor 











where ps NNv ,N,1 i1 +=' , and ( )sabvi ωωεε −=− 1 . At the second step, the same 
molecule may cross into state jc , emitting a second photon, ik . Similar to the first, the 












where pis NNNv ,1,12 ++=' . Because the whole path has to describe a parametric 
process, and energy conservation is enforced by the delta-function in Eq. 3, the molecule 
needs to return to its initial ground state i  in the final step, absorbing a photon from the 
pump field, pk , with energy isp ωωω += . The factor for this step is 
  ( ) '' 2vf pjacj
+⋅− Ed , (A.8) 
and ( )+pjE  describes the annihilation of a pump photon. Finally, the path considered above 
yields the transition amplitude 
  ( )
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where the summation over states b  and c  accounts for all virtual states of the molecule, 
and subscripts p , i , s  simply denote the sequence of photon radiation and absorption 
chosen here. In reality, there are 6!3 =  possible sequences, so the full scattering 
amplitude on the j th molecule is given by the sum of permutations of indices p , s , i : 
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 The tensor of the quadratic hyperpolarizability of the molecule is given by 
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where l , m , n  denote Cartesian indices for coordinates in the x-, y-, and z-axes. At this 
point, it is necessary to take advantage of several simplifications on the 27 components of 
Eq. 11. For example, because of the presence of the sum of permutations, the one-time 
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non-cyclic permutations of the frequency and Cartesian indices ( ...312321 == zxyzyx ββ ) are 
invariant. Further, considering a molecule of class vC3  symmetry further reduces this 
number. Combining Eq. 11 and Eq. 9, we can now write Eq. 10 as 
  ( ) ( ) ( ) ( ) 'V''' ififT effpjijsjj
j ≡−= +−− EEEβ , (A.12) 
which effectively reduces the perturbation from third to first order, i.e. we take the 
effective energy to be of the form 3Eβ−  instead of the perturbing energy Ed ⋅− . At 
this point, the amplitude ( )jT  describes scattering by a single molecule. Expansion to the 
whole of the crystal introduces the macroscopic susceptibility of a unit of crystal volume, 
VMβχ = , and the effective perturbation energy is written as 
  ( ) ( ) ( ) ( ) ( ) ( )( )++−+−− +−= ∫ sippisVeff EEEEEErdχV , (A.13) 
where the second term of the integrand that describes the reverse process in which signal 
and idler modes are annihilated and a pump photon is created, is included to preserve 
hermiticity. This effective interaction results in a rate of creation of photon pairs given by 
  ( )piseffif ifW ωωωδπ −+=
2
2
2 'V' , (A.14) 
with matrix elements of the field defined as 
  ( ) ( )1k k k kN N N e
+ ⋅− = k rE r c  (A.15.1) 
  ( ) ( )1 1k k k kN N N e
− − ⋅+ =− + k rE r c  (A.15.2) 
where ispk ,,= , and ke  are unit vectors of polarization, and the proportionality 
constant ( ) 2/1k2 cos/4 ρπω kkkkk ncvuec ≡ . 
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 Substituting Eq. 15 and Eq. 13 into Eq. 14 gives the transition rate of fi → , 
which is proportional to ( )( ) pis NNN 11 ++ . Similarly, the transition rate from i  to 
1,1,1 +−− pis NNN  is proportional to ( )1+pis NNN , with the same weight of 
proportionality. As a result, the rate of appearance (or disappearance) of photon pairs in 
modes sk  and ik  will be equal to 
  ( ) ( ) ( )22
2 1s i p s i p s i s i pW N N N N N f k
π





f k e Δ ⋅Δ ≡ ∫ rr , and k k k ks i pΔ = + − . 
 For the case of spontaneous parametric down-conversion, by definition, there are 
initially no photons in the signal and idler fields, 0, =isN . Thus, the rate of biphoton 
generation is directly proportional to pN . 
 It only remains to express pN  in terms of the flux of pump photons entering the 
quantization box 3L  and interacting in volume V  ( 3L  contains V ) per unit time. The flux 
density is equal to the photon concentration 3/LN p  multiplied by the group velocity 



















where ppp uu z θcos=  is the projection of the group velocity on the axis perpendicular to 
A  (z-axis), and Eq. 15 has been used to express pN  in terms of pE . The probability of 
biphoton creation is thus given by 
  










,  (A.18) 
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with trigonometric factors absorbed into pn , and pis eeeχ≡χ . 
 It is extremely important here to note that in the case of the classical approximation of 
the pump field, we can replace the matrix element in Eq. 18 with the pump field 
magnitude, pE , which gives 
  










 Now, observe that the pump intensity, 
2
pE , multiplied by the cross sectional area A  
of the interaction volume is equivalent to the average power of the pump field, pP .  
 Thus, we observe that biphoton creation probability in the process of spontaneous 
parametric down-conversion does not depend on pump intensity, but rather on the 
average number of pump photons incident on the interaction volume, described by pump 
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